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FINAL  REPORT 


LIGHT-MILLIMETER  WAVE  INTERACTIONS  IN 
SEMICONDUCTOR  DEVICES 

Principal  investigator 

HAROLD  R.  FETTERMAN 


INTRODUCTION: 

This  report  covers  the  period  from  1/1/86  to  3/31/89  of 
contract  #  F49620-86-K-007  and  supplement.  The  investigation 
focussed  on  the  nature  of  optical-millimeter  wave 
interactions  in  high  frequency  semiconductor  devices.  It 
relied  primarily  upon  optical  mixing  between  frequency 
locked  lasers  but  also  included  picosecond  studies  with  a 
number  of  different  laser  systems.  Actual  devices 
investigated  ranged  from  FETs  to  high  frequency  HEMTs  (High 
Electron  Mobility  Transistors)  and  HBTs  (Hetero junction 
Bipolar  Transistors)  . 

The  actual  experiments  ranged  from  using  optical 
techniques  to  obtain  fundamental  physical  information  about 
the  nature  of  these  devices  at  high  frequencies  to 
investigating  optical  control  and  new  application  areas.  The 
devices  presented  this  report  range  from  special 
configurations  developer  at  UCLA  to  advanced,  submicron, 
GaAs  alloy  devices  fabricated  in  local  high  technology 
research  laboratories. 
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PROGRAM  DISCRETION: 


The  program  we  have  completed  will  be  discussed  in  four 
separate  areas.  The  first  portion  (A)  deals  with  optical 
mixing  using  a  tunable  argon  pumped  dye  laser  mixed  with  a 
stabilized  He-Ne  laser.  This  system  was  used  to  injection 
lock  and  modulate  FET  and  HEMT  based  transistor  oscillators. 
It  was  also  employed  to  examine  noise  and  gain  in  these 
systems  at  relatively  high  frequencies.  This  required  the 
development  of  planar  Antenna  configurations  and  suitable 
circuit  elements. 

Section  (B)  of  this  report  deals  with  the  use  of 
picosecond  pulses  to  test  and  evaluate  these  experimental 
high  frequency  devices.  The  picosecond  techniques  utilized 
both  optical  switches  to  generate  electronic  pulses  and 
direct  optical  pulse  injection  into  the  device  of  interest. 
In  each  case  the  taking  of  appropriate  Fourier  transforms 
then  brought  the  results  into  frequency  space  and  provided  a 
direct  comparison  with  the  cw  measurements. 

In  the  section  (C)  we  discuss  the  testing  and  modeling 
research  undertaken  as  part  of  this  program  to  understand 
the  devices  and  Optical  response  functions.  These 
measurements  ranged  from  observing  device  characteristics 
using  specially  constructed  six-port  systems  to  far  infrared 
Shubnikov-de  Haas  and  Cyclotron  resonance  measurements.  A 
special  effort  was  made  to  develop  an  accurate  analytic 
model  of  the  HEMTs  to  correctly  predict  the  role  of 
optically  injected  carriers. 


Finally,  in  section  (D)  we  discuss  some  of  the  concepts 
in  using  these  techniques  to  generate  millimeter  radiation 
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using  these  optical  interactions.  The  cw  work,  although 
showing  promise,  did  not  yield  usable  amounts  of  radiation. 
However,  the  picosecond  pulsed  work  using  configurations 
developed  along  lines  discussed  in  part  A  was  highly 
successful.  Some  of  the  initial  spectroscopy  done  with  these 
systems  is  included  in  this  section. 


A)  Laser  Mixing  In  FETS  and  HEMTS 


During  this  contract  period  optical  interaction  in 
three  terminal  devices  has  been  examined  using  the 
techniques  of  optical  mixing.  The  response  to  light  in  these 
systems  has  been  found  to  be  both  extremely  strong  and  fast. 
This  has  led  to  attempts  at  injection  locking  and  control  of 
high  frequency  oscillators.  Our  approach  in  combining  two 
beams  to  generate  a  cw  modulated  signal  is  shown  in  figure 
1.  When  high  frequency  modulators  or  diode  lasers  become 
available  this  technique  will  no  longer  be  required. 
However,  to  show  feasibility  this  mixing  configuration 
yielded  stable  signals  which  were  adjustable  from  zero  to 
several  hundred  GHz. 

The  injection  locking  of  a  oscillator  at  18  GHz.  and 
the  tuning  of  a  40  GHz.  oscillator  are  shown  in  figures  2 
and  3.  The  details  of  these  experiments  are  given  in 
Appendix  I  papers  1  and  2 .  These  mixing  techniques  were 
extended  using  harmonics  of  an  electrically  injected  L.O.  to 
over  52  GHz.  However,  it  was  clear  from  these  measurements 
that  a  more  efficient  structure  would  be  necessary  to  bring 
in  millimeter  wave  signals  was  required.  An  integrated 
planar  antenna  structure  would  not  only  couple  the  optically 
controlled  device  to  millimeter  waves,  it  would  also  provide 
for  a  radiative  capability. 
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Figure  1.  Experimental  setup  for  optical  mixing 
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Figure  2. 

Signal  injection  and  locking  of  an  oscillator  by  optical  mixing,  (a)  no  laser 
illumination,  (b)  laser  turns  the  oscillation  on,  (c)  optical  signal  locks  the  signal  of 
oscillator 
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Figure  3  Frequency  shifts  vs.  power  of  the  injection  laser  of  a  microwave  oscillator 
in  (a)  common  drain-gate  congifuration,  (b)  common  source-gate  configurat.on 


The  development  of  a  printed,  planar  twin  dipole 
suitable  for  coupling  three  terminal  devices  to  millimeter 
waves  is  descibed  in  paper  3.  Shown  in  figure  4,  this 
antenna  is  connected  across  the  gate  and  drain  for 
detection.  The  connections  would  be  changed  to  the  source 
and  drain  in  a  transmission  mode.  The  basic  system  that  was 
used  is  shown  in  figure  5  and  discussed  in  detail  in  paper  4 
(  To  be  published  special  issue  MTT)  .  The  use  of  a  metal 
mirror  with  a  small  optical  coupling  hole  provided  an  effect 
means  of  combining  sources  for  down  conversion. 

These  measurements  yielded  a  significant  amount  of  data 
about  mixer  gain  and  conversion  loss.  It  provided  a  method 
to  measure  noise  resulting  from  hot  electron  effects.  In 
addition  a  noise  cancellation  effect,  similar  to  that 
observed  in  a  balanced  mixer  was  noted.  Figure  6  shows 
typical  curves  that  were  obtained  in  this  study  as  a 
function  of  klystron  injected  power.  Our  experiments 
demonstrated  that  in  addition  to  having  very  high  non-linear 
behavior,  the  three  terminal  devices  we  tested  had 
impressive  gain  at  millimeter  wave  frequencies.  Interesting 
this  included  some  devices  which  were  not  really  designed 
for  high  frequencies.  Closer  examination  revealed  that  often 
input  parasitics  are  effectly  bypassed  when  using  optical 
techniques. 


(B)  Picosecond  measurement  techniques 

The  use  of  picosecond  pulse  techniques  to  complete  and 
extend  our  measurements  was  a  natural  outgrowth  of  these 
experiments.  Again,  the  major  details  are  given  in  appendix 
II,  paper  5  (MTT-  accepted  for  publication) .  Initially  we 
used  our  mode  locked  Argon  pumping  a  dye  but  then  went  up  to 
a  mode  locked  Nd  doubled.  The  photoconduct ive  switches  that 
were  used  for  electrical  measurements  were  made  using  the 
basic  design  shown  in  figure  7.  Placing  this  in  a  microstrip 
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Figure  4.  Pattern  of  the  millimeter-wave  antenna.  FET  source,  drain,  and  gate  are 
wire-bonded  to  points  S,  D,  and  G.  Gate  bias  chip  capacitor  is  attached  at  point  CC 
and  wire-bonded  to  point  C 
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Figure  5.  Experimental  setup  shows  the  calibrated  FET  and  the  FET  in  the  printed 
antenna  circuit. 
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Figure  6.  (a)  Signal  Power,  (b)  S/N,  and  (c)  1 da  of  second  beat  signal  versus  Vds  at 

10  mW,  20  mW  and  40  mW  of  klystron  power.  Vgs  is  at  -  0.7  V. 
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configuration  (figure  8)  yielded  electrical  pulses  with  a 
half  width  on  the  order  of  12  picoseconds.  Finally,  using  a 
delay  system  shown  in  figure  9  created  what  amounted  to  a 
sampling  oscilloscope  with  a  frequency  response  up  to  about 
200  GHz. 

Taking  the  Fourier  transform  of  the  time  response  to 
the  electric  pulses  yielded  a  complete  set  of  "S"  parameters 
which  completely  characterized  the  linear  response  of  the 
device.  In  every  case  we  compared  our  results  with 
conventional  network  analyzer  measurements  and  found 
excellent  agreement  where  they  overlapped.  Figure  10  shows 
S21  for  a  HBT  with  the  other  parameters  shown  in  paper  5. 
The  work  was  extended  to  a  broad  range  of  other  devices  and 
circuits  of  interest.  These  include  various  types  of  HEMTs 
using  GaAs  and  InGaAs  alloys  and  are  shown  in  figures  11  and 
12.  More  complex  circuits  using  MMIC  amplifiers  (figure  13) 
were  measured  and  the  gain  shown  in  figure  14.  Our 
measurements  yielded  the  entire  set  of  phase  and  amplitude 
information  with  no  adjustable  parameters.  At  the  highest 
frequencies  the  effects  of  bond  wire  inductances  were 
readily  detected. 

The  optical  response  functions  of  these  devices  could 
also  be  determined  by  looking  directly  at  these  devices  and 
systems  as  photodetectors.  Utilizing  the  same  test  system  as 
the  electrical  measurements  but  introducing  the  picosecond 
laser  pulses  into  the  device  rather  than  into  the  switch 
yielded  the  curves  in  figures  15  and  16.  Comparing  the 
observed  results  with  those  obtained  from  the  electrical 
measurements  indicates  that  the  base  or  source  resistance  is 
an  important  factor  limiting  the  high  frequency  properties 
of  these  devices. 

(C)  Measurements  and  Modeling 
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Figure  14. 
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Optical  response  of  the  HBT  used  as  a  phototransistor  for  Vce  =  3V. 


Variation  of  the  optical  response  pulsewidth  as  a  function  of  the 
collector-to-emitter  voltage. 


Figure  15. 
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Optical  response  of  the  GaAs  MESFET  for  Va,  =  -3V  and  Vd,  =  31 


Optical  response  of  the  AlGaAs/GaAs  HEMT  for  Vgs  =  -2.5V  and 


Figure  16. 
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As  part  of  this  program  an  effort  was  made  to 
understand  the  basic  elements  of  the  devices  being  tested. 
We  looked  at  the  theory  of  these  devices  and  compared  it 
with  a  number  of  experimental  measurements.  The  HEMT  devices 
(paper  6)  were  described  analytically  and  the  optical 
response  experimentally  found  to  extend  into  the  infrared 
(paper  7)  .  We  attribute  this  effect  (figure  17)  to  the 
transfer  of  electrons  from  the  2D  electron  gas  to  lower 
mobility  regions  of  the  device  (figure  18).  Some  of  this 
work  was  extended,  using  quantum  well  structures,  in 
combination  with  the  HEMT  devices,  to  wavelengths  as  long  as 
10  microns  (figure  19  shows  the  basic  spectral  response  of 
one  structure) . 

Other  measurements  of  cyclotron  resonance  (paper  8) 
using  infrared  radiation  and  Shubnikov-de  Haas  effects 
(paper  9)  inabled  us  to  get  fundamental  insights  into  the 
nature  of  HEMTs.  This  is  vital  to  identify  the  properties  of 
these  layered  structures  which  contribute  to  the  optical 
response  function.  As  part  of  these  efforts  a  six-port 
(figure  20)  measurement  system  was  also  designed  (paper  10) 
and  tested  and  permitted  electrical  measurements  to 
validate  our  optical  experiments  to  over  100  GHz  (paper  11) . 
These  measurements  showed  additional  resonances  indicating 
the  limitations  of  existing  test  fixtures.  This  problem  was, 
except  for  the  source  inductance  associated  with  bond  wires, 
readily  removed  in  the  optical  measurements. 


(D)  Millimeter  Radiation  Generation 


The  antenna  system  previously  descibed  could  be 
configured  into  a  radiating  mode  with  the  source  and  drain 
driving  the  dipoles.  Then  illuminating  the  device  with 
either  picosecond  or  cw  laser  radiation  could  be  used  to 
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generate  millimeter  wave  power.  The  cw  work  did  not  generate 
sufficient  levels  to  be  useful  and  the  most  fruitful  work 
was  accomplished  with  the  picosecond  lasers.  A  klystron  used 
with  a  second  FET  -  planar  antenna  system  served  as  a 
heterodyne  receiver  at  65  GHz.  The  system  shown  in  figure  21 
seems  ideal  for  real  time  millimeter  wave  spectral 
measurements.  A  plot  of  the  power  dependence  of  our 
radiation  is  shown  in  figure  22.  These  results  confirm  our 
projections  that  these  optical  interactions  lend  themselves 
both  to  the  detection  and  generation  of  millimeter  waves. 

CONCLUSION 

During  this  study  we  have  taken  the  system  from  simple 
experimental  observations  of  millimeter  -  optical 
interactions  into  reproducible  mixing  configurations  and  now 
into  prototype  application  areas.  We  find  that  this  is  a 
very  promising  synthesis  with  huge  bandwidths  and  exciting 
linkages  of  microwaves  and  fiberoptical  based  systems.  Given 
the  thrust  of  millimeter  wave  systems  into  large  area  arrays 
we  project  that  future  systems  will  be  hybrid  -  optical  and 
millimeterwave  combinations  all  the  way  up  to  wafer  scale 
levels. 
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Figure  21.  Experimental  setup  shows  millimeter- wave  radiation  of  a  microstrip  an¬ 
tenna  (Transmitter)  driven  by  the  signals  generated  by  a  picosecond  light  pulse  in  a 
FET  connected  to  the  antenna  and  detection  by  a  second  microstrip  antenna  (Re¬ 
ceiver) 
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OPTICAL  CONTROL  OF  MILLIMETER  WAVE  DEVICES 

Harold  R.  Fetterman,  Wei- Yu  Wu  and  David  Ni 
Department  of  Electrical  Engineering 
University  of  California,  Los  Angeles 
Los  Angeles  ,  CA  90024 

Abstract 

Coherent  mixing  of  optical  radiation  from  a  tunable  CW  ring  dye  laser  and  a  stablized  HeNe  laser  was 
used  to  inject  broadband  microwave  signals  into  GaAs  MESFETs  (FETs),  AlGaAs-GaAs  HEMTs  and  monolithic 
FET  amplifiers  up  to  55  GHz.  Using  this  technique,  amplification  of  an  optically  injected  signal  at  32  GHz, 
direct  injection  locking  of  a  17  GHz  GaAs  oscillator,  and  frequency  tuning  of  a  40  GHz  oscillator  by  laser 
intensity  modulation  were  demonstrated.  Comparison  of  the  millimeter  wave  frequency  generation  mechanism, 
noise  sources  and  system  performance  with  other  techniques  used  for  signal  synchronization  and  distributed  con¬ 
trol  application  are  discussed. 

Introduction 

Current  interest  in  optical  control  of  millimeter  wave  devices  can  be  divided  into  two  areas.  Firstly,  there 
is  the  in  device  physics  area  with  detailed  investigations  of  mechanisms  of  photoconductive  and  photovoltaic 
response  under  different  conditions  [1-5].  Of  particular  interest  are  the  new  device  such  as  HEMTs  which  use 
layered  structures  and  extremely  short  gate  FETs  with  high  electric  fields.  Secondly,  in  the  application  areas, 
considerable  attention  has  been  devoted  toward  dealing  with  overcoming  the  frequency  constraints  of  existing 
devices  and  performing  signal  synchronization  and  distributed  control  for  communication  and  radar  systems  [6- 
8].  Nonlinearities  of  semiconductor  lasers,  pin  detectors  as  well  as  FETs  have  been  utilized  extensively  to  side¬ 
band  lock  [6]  or  to  generate  harmonics  for  multiplication  of  master  oscillation  signals  [7-8].  In  these  approaches, 
reliability  and  FM  noise  degradation  issues  require  significant  engineering  efforts  since  the  devices  operating  in 
the  nonlinear  region  are  normally  under  significantly  bias  stress. 

In  these  study,  we  explored  laser  mixing  techniques  to  inject  millimeter  wave  signals  in  GaAs  FETs  as 
well  as  related  devices,  such  as  HEMT  [9-10]  (  High  Electron  Mobility  Transistor  ).  We  also  examined  systems 
such  as  monolithic  oscillators  and  amplifiers. 

Experiment 

A  visible  CW  ring  dye  laser  and  stablized  HeNe  laser  were  selected  as  light  sources  based  on  their  absorp¬ 
tion  coefficient  for  higher  carrier  generation  [11],  shallower  light  penetration  for  lower  backgadng  and  trap 
effects  [4],  and  lower  carrier  concentration  flunctuation  (  CW  illumination  )  for  lower  capacitance  effects  [12]. 
The  penetration  depth  of  these  lasen  is  about  0.3  pm,  which  is  the  same  order  as  the  thickness  of  active  region 
of  the  FETs  (  0.2  pm  thick  n-GaAs  on  2  pm  thick  undoped  GaAs  buffer  layer )  and  sufficient  to  illuminate  the 
GaAs  and  2D  electron  gas  region  of  HEMT  structures.  (  0.04  pm  thick  n-AlGaAs  on  1  pm  thick  undoped  GaAs 
layer  ).  Figure  1  shows  the  experimental  arrangement  used  in  all  these  measurements.  The  devices  under  inves¬ 
tigation  were  illuminated  with  light  obtained  by  coherent  mixing  of  between  two  lasers:  a  frequency  stablized 
He-Ne  laser  (  632.8  nm  )  and  a  Coherent  Model  699-21  ring  dye  laser.  The  wavelength  of  the  ring  dye  laser, 
monitored  by  a  Burleigh  WA-20  wavemeter  (  accurate  to  0.001  nm  ),  can  be  continuously  tuned  to  any  value 
within  the  dye  emission  spectrum.  For  Kiton  620  dye  (  600  -  640  nm  ),  the  tuning  range  is  more  than  SO  nm 
around  the  HeNe  line.  Consequently  the  beat  frequency  (  difference  of  light  frequency  /  optical  i.f.  signals  )  of 
two  CW  lasers  can  be  easily  varied  from  zero  to  several  hundred  GHz.  The  laser  power  density  on  the  samples 
was  kept  to  approximatedly  10  mW/cm2  for  the  HeNe  laser  and  1  W/cm2  for  the  dye  laser  with  the  linewidth 
and  stability  in  the  sub  MHz  range. 

THE  samples  were  FETs  (commercial  products  from  Dexcel,  Hughes,  NEC  etc.)  or  HEMTS  (  from 
Rockwell,  TRW  etc.)  directly  mounted  onto  a  fixture  with  50  ohm  microstrip  lines.  The  monolithic  oscillators' 
and  multiple  stage  amplifiers  used  in  this  study  were  basically  composed  of  GaAs  FETs  and  impedance  match¬ 
ing  circuits,  mounted  in  appropriated  fixtures.  HP  8569B  and  Tektronix  492P  spectrum  analyzers  were  used  to 
monitor  the  outputs.  Illuminating  the  active  region  of  the  samples  with  two  coherent  CW  lasers  resulted  in  the 
generation  of  rf  electrical  signals  at  the  optical  beat  frequency  in  these  devices.  The  experiments  we  examined 
involve  three  basic  processes:  amplification  of  the  injected  rf  signal,  optical  injection  locking,  and  frequency  tun¬ 
ing  by  controlling  the  sample's  carrier  concentrations. 

A.  Amplification  of  the  injected  rf  signals 
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Although  this  CW  method  has  considerable  advantages  over  using  diode  lasers,  it  makes  severe  require¬ 
ments  on  the  lasers.  In  order  to  generate  optical  rf  beat  frequencies,  the  wavelength  of  the  dye  laser  ( the  resolu¬ 
tion  of  tuning  is  about  the  linewidth  of  laser  )  must  be  very  close  to  the  wavelength  of  HeNe  laser.  To  generate 
a  7.5  GHz  optical  beat  frequency,  for  example,  corresponds  to  tuning  a  0.01  nm  wavelength  difference  between 
two  lasers.  Using  the  FET,  we  can  directly  observed  the  optical  beat  frequency  up  to  18  GHz  ,  which  was  lim¬ 
ited  by  the  impedance  matching  between  the  device  and  fixture.  Therefore  to  detect  higher  frequency  optical 
beat  signals,  we  have  superimposed  an  electrical  rf  signal  on  the  gate  of  the  FET.  As  a  result  of  the  strong  non¬ 
linearity  of  GaAs  FET,  the  electrical  signal  mixes  with  the  rf  signal  produced  by  optical  beating,  and  produes  a 
secondary  beat  signal.  A  30  dB  gain  rf  amplifier  (  1-3  GHz  )  was  inserted  between  the  FET  and  spectrum 
analyzer  and  HP  8350A  sweep  generator  supplied  rf  signal  power  to  40  GHz.  Observing  the  secondary  beat 
signal  at  2.6  GHz,  therefore  permits  accurate  measurements  of  the  mixing  signal  up  to  42.6  GHz.  Beyond  this 
frequency,  we  used  the  secondary  harmonics  of  electrical  rf  signal  to  obtain  optical  beat  signals  up  to  52  GHz. 
Similar  mixing  techniques  have  used  electrical  rf  signals  to  beat  optically  injected  signal  from  directly  modu¬ 
lated  semiconductor  lasers  at  lower  frequencies  [13]. 

This  method  provided  the  means  of  directly  generating  rf  signals  at  millimeter  frequencies  by  laser  mixing 
and  in  addition  permitted  us  to  accurately  monitor  the  frequency  of  our  optically  generated  broadband  rf  signals. 
Therefore  this  system,  with  a  commercial  FET,  was  used  in  all  our  measurements  giving  us  a  resolution  on  the 
order  of  Kilocycles.  As  a  example  of  how  we  used  this  system  to  directly  observe  optical  beat  signals  in  Ka 
band  with  a  monolithic  two  stage  GaAs  FET  amplifier  having  16  dB  gain  at  32  GHz,  fabricated  by  Hughes  Air¬ 
craft  Company.  The  active  region  of  the  FET  at  the  first  stage  was  illuminated  with  die  mixing  light  at  beat  fre¬ 
quency  around  32  GHz.  The  generated  rf  signal  was  further  amplified  through  second  stage  and  we  observed,  as 
shown  in  Fig.  2,  a  -60  dBm  (  S/N  is  around  12  -  15  dB  )  signal.  We  anticipated  better  output  power  with 
optimized  optical  access,  however,  this  experiment  shows  the  potential  of  this  technique  in  distributing  power 
optically  to  arrays  etc.  Furthermore,  this  technique  can  be  used  to  measure  the  gain  bandwidth  of  amplifier 
efficiently. 

B.  Injection  Locking 

The  device  used  for  injection  locking  was  originally  designed  to  be  a  monolithic  three  stage  GaAs  FET 
amplifier,  by  Rockwell,  with  20  dB  gain  between  17  to  21  GHz.  By  introducing  feedback  to  this  common  source 
configuration  device,  it  was  made  into  an  broadband  oscillator  at  17.8  GHz  with  15  dbm  power  output  (  Q  factor 
was  approximatedly  20  ).  The  dc  bias  levels  were  as  follows:  all  three  stages,  drain  to  source  voltage  (  V*  ) 
were  biased  at  3.0  V,  Vfl  -  0  and  Vfl  -  V.3  -  -0.5  V,  where  V.,  represents  the  gate  bias  at  nth  stage.  This 
oscillator  can  be  electrically  injection  locked  by  applying  a  -10  dBm  rf  signal  to  the  input  (first  gate)  with  a 
locking  range  was  about  40  MHz.  To  offset  the  photovoltaic  voltage  introduced  by  laser  illumination  [2],  we 
applied  more  negative  bias  to  the  illuminated  gate,  V|2  -  -2.0  V,  and  reduced  drain  to  source  voltages  -  V£ 
-  2.3  V  to  bias  the  oscillator  below  the  threshold  of  oscillation,  as  shown  in  Fig.  3  (a).  The  oscillation  was  opti¬ 
cally  turned  on,  as  shown  in  Fig.  3(b),  when  the  second  FET  was  illuminated.  Finally,  when  the  optical  beat  fre¬ 
quency  approached  the  free  run  frequency  of  the  oscillator,  the  signal  was  locked  as  shown  in  Fig.  3(c).  The 
locking  range  was  only  about  2  MHz.  We  attribute  the  narrow  locking  range  to  the  optical  tuning  discussed  in 
the  next  section.  Increasing  the  power  actually  tunes  the  devices  and  therefore  reduce  the  efficiency  of  frequency 
lock. 

C.  Frequency  tuning 

Optical  frequency  tuning  using  a  single  laser  has  been  related  to  capacitance  changes,  due  to  optically 
excited  electron-hole  pain.  Common-source  mode  oscillators  have  found  to  have  an  optical-frequency  sensitivity 
approximately  5  times  higher  than  common -drain  mode  configuration  at  oscillation  frequencies  between  4  •  9 
GHz  [12].  In  our  experiment,  we  used  a  Ka-band  (  at  40  GHz  )  GaAs  FET  oscillator  with  a  common  gate 
configuration.  In  this  configuration,  we  examined  the  relative  optical  sensitivity  of  frequency  tuning  of  Cgs  ( 
with  the  drain  shoned  to  gate)  vs  Cds  (  with  the  source  shorted  to  gate).  A  480  MHz  vs  80  MHZ  (  Fig.  4  (a)- 
(b))  frequency  increase  was  observed  with  light  intensities  of  about  1  W/cm2  (  only  the  dye  laser  was  used  with 
attenuators  ).  which  was  in  agreement  with  previous  result  in  X  band  Using  higher  illumination  density,  we 
have  demonstrated  12%  optical-frequency  tuning  in  Ka  band  Along  with  the  oscillation  frequency  shift,  we  have 
also  observed  controllable  variations  in  output  power. 

Result  and  Discussion 

Due  to  the  observation  of  acoustic  noise  introduced  by  light  scattering  below  S  band  [14]  and  the 
difficulty  to  characterize  secondary  beadng  signal  (  beyond  18  GHz  )  by  current  setup,  our  major  characteriza¬ 
tions  were  in  S  band  through  Ku  band  (2-18  GHz  ).  Fig.  5  shows  the  frequency  response  of  optical  mixing 
from  6  GHz  to  18  GHz.  The  response  of  this  0.25  tun  device  is  relative  flat  and  indicates  by  its  voltage 
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dependence  that  the  mechanism  is  primary  photoconductive.  From  the  above  observations,  we  find  that  under 
intensive  illumination  and  high  photoexcited  carrier  concentration  (  photoexcited  current  was  the  same  magni¬ 
tude  as  intrinsic  current  )  the  Schottky  gate  might  become  unnecessary.  This  result  is  in  agreement  with  non¬ 
gate  high  speed  photodetectors  which  responding  to  picosecond  light  signals  [  15,16  ]. 

Since  the  photoconductive  mechanism  dominates,  HEMT  structures  significantly  improve  the  frequency 
performance  only  if  properly  designed  and  utilized.  The  undoped  GaAs  layer  in  such  devices  where  the  photoex¬ 
cited  carriers  are  generated  reduce  the  impurity  scattering  and  increase  the  mobility  of  carriers.  However,  the 
parasitic  AlGaAs  layer  can  reduce  this  advantage  ,  especially  if  the  illumination  is  absorbed  heavily  near  the 
surface.  The  high  doping  concentration  of  AlGaAs  results  in  a  high  trap  concentration  and  low  mobility  [17].  To 
take  full  advantage  of  HEMT  structure,  AlGaAs  layers  with  large  energy  gaps  (  such  as  obtained  by  increasing 
the  A1  content )  should  be  fabricated.  Then  the  carriers  can  be  generated  in  the  GaAs  near  the  two  dimensional 
electron  gas  (  2  DEG  )  channel  (  "window  effect"  )  and  shorter  electron  transit  times  will  be  obtained.  Prelim¬ 
inary  measurements  on  HEMTs  with  relatively  large  gate  drain  spacings  have  been  relatively  encouraging. 

Conclusion 

By  using  laser  mixing  techniques,  we  have  extended  direct  optical  control  of  FETs,  related  devices  and 
systems  from  X  band  to  Ka  band.  Infrared  semiconductor  lasers  with  wavelength  stablization  and  tunability  by 
temperature,  cavity  and  current  control)  [6]  can  now  be  used  to  replace  CW  dye  and  HeNe  lasers  as  light 
sources  for  realization  of  compactness.  Specially  design  structures,  such  as  HEMTs  with  tailored  AlGaAs  layers 
can  be  incorporated  with  the  optimized  lasers  to  form  unique,  optically  controlled,  systems  working  well  into 
millimeter  wave  frequency. 
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TABLE  I  Summary  of  the  MESFET  Parameters  at  Vd,  =  4.0  V.  is  the  Potential  Barrier. 

Id  Is  the  Drain  Current  at  Vg  =  0.0  V.  The  Small-Signal  Parameters,  Transconductance  (g„). 
Gate-to-Source  Capacitance  (Cgt),  Drain  Conductance  (ga),  and  the  Current-Gain 
Cutoff  Frequency  (4)  are  Given  at  Vg  *  -  0.25  V 


(cm  ’) 

>*, 

(V) 

h 

(mA/mm) 

Xn, 

(mS/mm) 

ct. 

(pF/mm) 

Xj 

(mS/mm) 

/, 

(GHz) 

MESFET  on 

10"' 

1.23 

221 

229.8 

0  79 

18 

46  3 

/’-.substrate 

2.5  x  10“ 

1 .25 

197 

232.5 

0.785 

16 

47  l 

5  x  10“ 

1  27 

74.5 

207 

067 

9 

49.2 

MESFET  on 

5  x  10“ 

0.3 

356 

206 

0  80 

14 

41  0 

thin  P-lavcr 

10“ 

055 

319.5 

221 

0  81 

14 

43.4 

1.5  x  10“ 

0,9 

280 

228  5 

0.81 

13 

44.9 

drain  current  reduction  is  substantial.  Moreover,  it  should  be 
noted  that  the  electrons  can  be  confined  into  the  active  layer 
using  a  much  smaller  potential  barrier.  This  suggests  that 
introducing  a  thin  /’-layer  between  the  MESFET  active  layer 
and  the  semiinsulating  substrate  can  be  very  beneficial  if  the 
thickness  of  this  layer  is  chosen  so  small  that  the  /’-layer 
becomes  fully  depleted.  In  this  case,  the  height  of  the  potential 
barrier  and  the  active-layer  depletion  can  be  controlled  by 
changing  the  depth  of  the  /’-layer  or  its  doping  or  both. 

III.  MESFET  ON  A  THIN  P-LAYER 

To  examine  the  effectiveness  of  the  thin  /’-layer  approach, 
three  MESFET  structures  were  simulated.  All  of  them  have 
the  same  active-layer  parameters  as  the  previous  MESFET  on 
a  /’-substrate.  The  /’-layer  thickness  is  chosen  such  that 
dopings  of  5  X  1015,  1016,  and  1.5  X  10“  cm"3  result  in  a 
maximum  potential  barrier  of  0.3  '  *  and  0.9  V,  respec¬ 
tively.  The  carrier-concentration  cor- our  plots  for  the  case 
Na  10“  cm  ' 3  and  at  Vf  -  r  o  -  K/i  =  50  V,  are  shown  in 
Figure  2(b).  It  is  observed  that  there  is  a  smaller  depletion  in 
the  active  layer  compared  to  Figure  2(a).  The  stationary 
domain  extends  slightly  more  inside  the  /’-layer.  Moreover, 
the  carrier  concentration  in  the  channel  under  the  gate  is 
0.4  <  n/Nd  <  0  j  while  it  is  0.3  <  n/Nd  <  0.4  in  the  MESFET 
on  a  /’-substrate.  The  I-V  characteristics  of  the  three 
MESFETs  are  shown  in  Figure  3,  set  B.  The  drain  current 
shows  a  lramatic  increase  compared  to  the  MESFET  on  a 
/’-substrate.  In  the  Na  -  10“  cm'3  case,  the  device  on  a  thin 
P- layer  shows  a  current  increase  of  about  98  mA/mm  over 
the  corresponding  device  on  a  /’-substrate. 

A  brief  comparison  of  the  main  small-signal  parameters  is 
given  in  Table  I.  Before  speculating  on  the  behaviour  of  these 
parameters,  one  should  notice  that  increasing  the  potential 
barrier  between  the  active  layer  and  the  substrate  results  in 
two  counterbalancing  effects  simultaneously.  First,  it  increases 
the  carrier’s  confinement  to  the  active  layer;  therefore,  higher 
transconductance  and  lower  drain  conductance  are  expected. 
Second,  it  reduces  the  dynamic  range  of  the  device,  which 
means  that  the  MESFET  becomes  closer  to  pinch-off.  Hence, 
lower  transconductance  is  expected.  The  drain  conductance 
increases  since  the  device  approaches  the  space-charge  limited 
current  mode. 

IV.  CONCLUSION 

Thtee  MESFETs  on  P-substrate  of  different  acceptor  dopings 
are  simulated.  It  is  shown  that  the  resulting  potential  barrier 
between  the  active  layer  and  the  substrate  greatly  reduces  the 
carrier  injection  from  the  active  layer.  Increasing  the  doping 
of  the  P-substrate  leads  to  a  more  depletion  in  the  active  layer 


and,  of  course,  a  lower  drain  current.  For  MESFET  with  a 
thin  active  layer,  it  is  advised  to  use  a  thin  P-layer  between 
the  SI  substrate  and  the  N  active  layer.  The  P-layer  should  be 
so  thin  that  it  becomes  fully  depleted.  The  height  of  the 
potential  barrier  should  be  chosen  such  that  it  is  capable  of 
producing  a  good  carrier  confinement  without  too  much  de¬ 
pletion  in  the  active  layer.  It  can  be  adjusted  by  controlling 
either  the  thickness  or  the  doping  of  the  P-layer  or  both. 
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ABSTRACT 

Coherent  mixing  of  optical  radiation  from  a  tunable  CH'  dye  laser  and  a 
stabilized  HeNe  laser  was  used  to  generate  broadband  microwave  signals 
beyond  the  Ka  hand  in  FETs.  HEMTs.  and  the  related  denies. 
Comparing  with  direct  modulation  of  the  light  signal,  this  technique 
enhances  photoconductivity  and  frequency  stability. 

I.  INTRODUCTION 

Optical  control  of  millimeter  wave  devices  has  attracted  recent 
attention  because  of  its  potential  applications  in  signal  syn¬ 
chronization  and  distributed  control  of  the  communication 
and  radar  system.  Current  effort  has  been  devoted  toward 
dealing  with  overcoming  the  frequency  constraints  of  both  the 
light  sources  and  detectors.  Nonlinearities  of  semiconductor 
lasers,  optic  fibers,  pin  diodes,  and  FETs  have  been  utilized 
extensively  to  side-band  lock  or  to  generate  harmonics  for 
multiplication  of  master  oscillation  signals  [1-3].  In  these 
approaches,  reliability  and  FM  noise  degradation  issues  re¬ 
quire  significant  engineering  effort  since  the  devices  operating 
in  the  nonlinear  region  are  normally  under  significant  bias 
stress.  Other  effort  has  been  focused  on  the  transport  mecha¬ 
nisms  of  the  photoexcited  carriers.  Several  studies  on  the 
frequency  response  of  the  detectors  have  indicated  the  fast 
photoconductivity  mechanism  should  be  used  while  the  slow 
photovoltaic  mechanism  should  be  suppressed  or  even  avoided, 
and  the  detectors  under  higher  illumination  with  conditionally 
higher  bias  will  result  in  better  transient  performance  [4-9], 

When  examining  the  traditional  techniques  of  modulating 
semiconductor  lasers  to  optically  control  FETs,  one  will  real¬ 
ize  that  the  Schottky  junction  and  the  interface  area  between 
the  active  and  buffer  area  of  FETs  react  photovoltaically  to 
the  light  signal  because  of  the  capacitance,  trap,  and  backgat- 
ing  effects,  and  thus  inevitably  will  consider  nonlinearities  of 
these  devices  to  overcome  the  frequency  barrier.  While  using 
the  laser  mixing  technique  as  a  new  approach,  we  were  able  to 
inject  millimeter  wave  signals  into  several  extremely  short-gate 
FETs,  heterostructure  HEMTs,  monolithic  amplifiers,  and 
oscillators  [10],  We  also  observed  an  interesting  phenomenon, 
negative  photoconductivity,  in  HEMTs  during  the  characteri¬ 
zation  process  [11], 

In  this  letter,  first  we  examine  the  frequency  tuning  in¬ 
duced  by  the  variation  of  light  intensity  and  negative  photo¬ 
conductivity  induced  by  the  variation  of  light  wavelength. 
These  phenomena  have  negative  impacts  on  the  frequency 
stability  of  the  optical  control  of  the  millimeter  wave  devices. 
Second,  we  characterize  the  laser  mixing  technique  by  examin¬ 
ing  power  dependence  of  the  generated  microwave  signals  on 
gate  bias  and  frequency  to  verify  that  photoconductivity  is  the 
dominating  mechanism  in  the  devices.  Then  we  demonstrate 
signal  injection  and  locking  up  to  the  Ka  band  Third,  we 
discuss  the  concerned  mechanisms  of  the  devices  and  optimi¬ 
zation  of  a  system  constructed  by  HEMTs  and  controlled  by- 
laser  mixing  techniques. 

II.  EXPERIMENT 

The  devices  under  investigation  were  illuminated  with  light  (1) 
from  a  CW  laser  or  a  monochrometer  with  a  tungsten  bulb  as 
the  light  source;  (2)  obtained  by  coherent  mixing  between  two 
lasers:  a  frequency  stabilized  HeNe  laser  (632.8  nm)  and  a 
Coherent  model  699-21  ring  dye  laser,  as  shown  in  Figure  1. 
These  lasers  were  selected  because  of  (1)  generating  higher 
carrier  concentration  due  to  shorter  wavelengths  [12]  and 
suppressing  the  capacitance  effect  of  the  Schottky  junction.  (2) 


penetrating  shallower  into  GaAs  for  reducing  the  backgating 
and  trap  effects  [7],  and  (3)  lowering  carrier  fluctuation  by  CW 
illumination  for  reducing  the  capacitance  effects  [13].  The 
penetration  depth  of  these  lasers  is  about  0.3  pm.  which  is  the 
same  order  as  the  thickness  of  the  active  region  of  the  FETs 
and  sufficient  to  illuminate  the  GaAs  and  two-dimensional 
electron  gas  region  of  HEMT  structures. 

The  wavelength  of  the  ring  dye  laser,  monitored  by  a 
Burleigh  WA-20  wavemeter  (accurate  to  0.001  nm)  can  be 
continuously  tuned  to  any  value  within  the  dye  emission 
spectrum.  For  Kiton  620  dye  (600-640  nm).  the  tuning  range 
is  more  than  50  nm  around  the  HeNe  line.  Consequently  the 
best  frequency  (difference  of  light  frequency/optical  i  f.  sig¬ 
nals)  of  two  CW  lasers  can  be  easily  varied  from  zero  to 
several  hundred  GHz.  The  laser  power  density  on  the  samples 
was  kept  to  approximately  10  mW/cnr  for  the  HeNe  laser 
and  1  W/cm2  for  the  dye  laser  with  the  linewidth  and 
stability  in  the  sub  MHz  range. 

The  samples  were  FETs  (commercial  products  for  Dcxcel, 
Hughes,  NEC,  etc.)  or  HEMTs  (from  Rockwell.  TRW,  etc.) 
directly  mounted  onto  a  fixture  with  50  Q  microstrips.  The 
monolithic  oscillators  and  multiple  stage  amplifiers  used  in 
this  study  were  basically  composed  of  GaAs  FETs  and  imped¬ 
ance  matching  circuits,  mounted  in  appropriate  fixtures.  Used 
as  the  photoconductors,  these  devices  have  extremely  short 
gate  length  (less  than  0.3  |im)  and  drain-source  distance,  and 
can  be  applied  to  rather  high  bias  voltage. 

A.  Frequency  Tuning  and  Negative  Photoconductivity.  Optical 
frequency  tuning  using  a  single  laser  has  been  related  to 
capacitance  changes,  due  to  optically  excited  electron-hole 
pairs.  Common-source  mode  oscillators  have  been  found  to 
have  an  optical-frequency  sensitivity  approximately  5  times 
higher  than  common-drain  mode  configurations  at  oscillation 
frequencies  between  4-9  GHz  [13].  In  our  experiment,  we 
used  a  Afa-band  (at  40  GHz)  GaAs  FET  oscillator  with  a 
common-gate  configuration.  In  this  configuration,  we  ex¬ 
amined  the  relative  optical  sensitivity  of  frequency  tuning  of 
Cgs  (with  the  drain  shorted  to  gate)  vs.  Cds  (with  the  source 
shorted  to  gate).  A  480  vs.  80  MHz  [Figure  2(a),  (b)]  frequency 
increase  was  observed  with  light  intensities  of  about  1  W /cm2 
(only  the  dye  laser  was  used  with  attenuators),  which  was  in 
agreement  with  previous  results  in  the  X  band.  Using  higher 
illumination  density,  we  have  observed  12%  frequency  tuning 
in  the  Ka  band.  This  frequency  tuning  is  useful,  but  it  also 
creates  frequency-shift  problems  when  a  high-intensity  ac  light 
signal,  such  as  from  a  modulated  semiconductor  laser,  is 
injected  into  the  devices. 

As  reported  previously  [11],  negative  photoconductivity  in 
HEMTs  was  initially  observed  under  the  illumination  of  a 
broadband  tungsten  bulb.  Depending  on  the  bias  conditions, 
the  phenomenon  was  also  observed  at  different  wavelengths 
and  was  especially  sensitive  to  the  light  with  photon  energy 
just  below  the  energy  gap  of  GaAs.  The  l-V  characteristics 
and  spectral  responses  are  shown  in  Figure  3(a).  (b)  [14],  This 
phenomenon  has  potential  applications  but  is  not  desirable 
when  frequency  stability  turns  out  more  important.  To  pre¬ 
vent  this  phenomenon,  the  devices  have  to  be  carefully  biased. 
But  if  the  frequency  instability  is  generated  at  the  light  source 
under  high-amplitude  modulation,  such  as  the  mode  hopping 
of  the  semiconductor  laser,  the  situation  will  be  complicated 

B.  Amplification  of  the  Injected  rf  Signals  and  In/cclion  Lin  k¬ 
ing.  Although  this  CW  method  has  considerable  advantages 
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Figure  1  Experimental  setup 


over  using  diode  lasers  based  on  the  preceding  discussions,  it 
makes  severe  requirements  on  the  lasers.  In  order  to  generate 
optical  rf  beat  frequencies,  the  wavelength  of  the  dye  laser 
(the  resolution  of  tuning  is  about  the  linewidth  of  the  laser) 
must  be  very  close  to  the  wavelength  of  the  HeNe  laser.  To 
generate  a  7.5-GHz  optical  beat  frequency,  for  example,  corre¬ 
sponds  to  tuning  a  0.01 -nm  wavelength  difference  between 
two  lasers.  Using  the  FET,  we  can  directly  observe  the  optical 
beat  frequency  up  to  18  GHz,  which  was  limited  by  the 
impedance  matching  between  the  device  and  the  fixture. 
Therefore,  to  detect  higher-frequency  optical  beat  signals,  we 
have  superimposed  an  electrical  rf  signal  on  the  gate  of  the 
FET.  As  a  result  of  the  strong  nonlinearity  of  the  GaAs  FET, 
the  electrical  signal  mixes  with  the  rf  signal  produced  by 
optical  beating  and  produces  a  secondary  beat  signal.  A  30-dB 
gain  rf  amplifier  (1-3  GHz)  was  inserted  between  the  FET 
and  the  spectrum  analyzer  and  an  HP  8350A  sweep  generator 
supplied  rf  signal  power  to  40  GHz.  Observing  the  secondary 
beat  signal  at  2.6  GHz,  therefore  permits  accurate  measure¬ 
ments  of  the  mixing  signal  up  to  42.6  GHz.  Beyond  this 
frequency,  we  used  the  secondary  harmonics  of  the  electrical 
rf  signal  to  obtain  optical  beat  signals  up  to  52  GHz.  Similar 
mixing  techniques  have  used  electrical  rf  signals  to  beat  opti¬ 
cally  injected  signals  from  directly  modulated  semiconductor 
lasers  at  lower  frequencies  [15]. 

This  method  provided  the  means  of  directly  generating  rf 
signals  at  millimeter  frequencies  by  laser  mixing  and.  in 
addition,  permitted  us  to  accurately  monitor  the  frequency  of 
our  optically  generated  broadband  rf  signals  Therefore,  this 
system,  with  a  commercial  FET,  was  used  in  all  our  measure¬ 
ments,  giving  us  a  resolution  on  the  order  of  kilocycles.  Direct 
observation  of  optical  beat  signals  in  the  Ku  band  was  also 
made  with  a  monolithic  two  stage  GaAs  FET  amplifier  having 
16-dB  gain  at  32  GHz.  fabricated  by  Hughes  Aircraft  Com¬ 
pany  The  active  region  of  the  FET  at  the  first  stage  was 
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Figure  2  Frequency  shift  vs  power  (a)  Common  drain  gate,  (b) 
common  source  gate 
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Figure  3  Negative  photoconductivity  at  room  temperature  (a)  /-  V 
characteristics',  (b)  spectral  response 


illuminated  with  the  mixing  light  at  a  beat  frequency  around 
32  GHz.  The  generated  rf  signal  was  further  amplified  through 
a  second  stage  and  we  observed  a  -60-dB  m  (S/N  around 
12-15  dB)  signal.  We  anticipated  better  output  power  with 
optimized  optical  access;  however,  this  experiment  shows  the 
potential  of  this  technique  in  distributing  power  optically  to 
arrays,  etc.  Furthermore,  this  technique  can  be  used  to  mea¬ 
sure  the  gain  bandwidth  of  the  amplifier  efficiently. 

The  device  used  for  injection  locking  was  originally  de¬ 
signed  (by  Rockwell)  to  be  a  monolithic  three  stage  GaAs 
FET  amplifier  with  20-dB  gain  between  17-21  GHz.  By 
introducing  feedback  to  this  common-source  configuration 
device,  it  was  made  into  a  broadband  oscillator  at  17.8  GFlz 
with  15-dB  m  power  output  (Q  factor  approximately  20).  The 
dc  bias  levels  were  as  follows:  All  three  stages,  drain  to  source 
voltage  ( F, )  was  biased  at  3.0  V,  F,  =  0  and  F.  =  Fs,  = 
0  5  V.  where  F<fl  represents  the  gate  bias  at  the  nth  stage. 
This  oscillator  can  be  electrically  injection  locked  by  applying 


and  -  10-dB  m  rf  signal  to  the  input  (first  gate)  with  a  locking 
range  about  40  MHz.  To  offset  the  photovoltaic  voltage  intro¬ 
duced  by  laser  illumination  [2],  we  applied  more  negative  bias 
to  the  illuminated  gate  ( Ft,  •=  -  2.0  V)  and  reduced  drain  to 
source  voltages  F,,  =  Fj;  =  2.3  V  to  bias  the  oscillator  below 
the  threshold  of  oscillation.  The  oscillation  was  optically 
turned  on,  as  shown  in  Figure  4(a).  when  the  second  FET  was 
illuminated.  Finally,  when  the  optical  beat  frequency  ap¬ 
proached  the  free  run  frequency  of  the  oscillator,  the  signal 
was  locked  as  shown  in  Figure  4(b).  The  locking  range  was 
only  about  2  MHz.  We  attribute  the  narrow  locking  range  to 
the  frequency  tuning.  Increasing  the  power  actually  tunes  the 
devices  and  therefore  reduces  the  efficiency  of  frequency  lock 

Ml.  RESULT  AND  DISCUSSION 

Due  to  the  observation  of  acoustic  phonons  introduced  by 
light  scattering  below  the  5  band  [16]  and  the  difficulty  of 
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characterizing  the  secondary  beating  signal  beyond  IS  GHz  by 
the  current  setup,  our  major  characterizations  were  in  the  S' 
through  Ku  band  (2-18  GHz).  Figure  5  shows  the  frequency 
response  of  optical  mixing  from  6-. 8  GHz.  The  response  of 
this  0.25-jim  device  is  relatively  flat  and  indicates  by  its 
voltage  dependance  that  the  mechanism  is  primarily  photo- 
conductive.  Figure  6  shows  the  output  power  vs.  gate  bias  r, 
at  beat  frequency  2  4  GHz  The  pinchofl'  voltage  of  this 
particular  device  was  -1.0  V.  Under  illumination,  we  ob¬ 
served  rather  Hat  output  power  to  F  =  2  2  V.  From  the 
preceding  observations,  the  Schottky  gate  becomes  redundant 
when  high  photocxcitcd  carrier  concentration  is  generated 
The  change  of  built-in  voltage  AThl  of  the  Schottky  barrier  is 
given  as 

AT  /  p,  \  AT  p, 

AFh,  =  - In  It-  —  =  — In —  when  p;  »  p  (1) 

q  \  p„  I  q  p.. 


Figure  4  Inject  locking,  (a)  Laser  on:  (b)  locking 


where  pt  and  p„  stand  for  the  photoexcited  and  dark  hole 
concentrations,  respectively.  By  monitoring  the  photogencr- 
ated  current  and  photon  flux,  we  estimate  AI'hl  about  1.2  V. 
which  is  in  agreement  with  the  observed  data.  This  result  is 
encouraging  because  the  extra  gate  control  docs  not  sacrifice 
the  potential  usage  of  this  device  as  a  nongate  picosecond 
photodetector  [17.  18). 

Since  the  photoconductive  mechanism  dominates,  HEMT 
structures  significantly  improve  the  frequency  performance  if 
properly  designed  and  utilized.  The  optimized  gain  of  a  photo- 
conductive  device  can  be  written  as  [8] 


gain  » 


(2) 


where  and  pp  stand  for  the  electron  and  hole  mobilities, 
respectively.  The  undoped  GaAs  layer  in  such  devices  where 
the  photoexcited  carriers  are  generated  reduces  the  impurity 
scattering  and  increases  the  mobility  of  carriers.  However,  the 
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parasitic  AlGaAs  layer  can  reduce  this  advantage,  especially  if 
the  illumination  is  absorbed  heavily  near  the  surface.  The  high 
doping  concentration  of  AlGaAs  results  in  a  high  trap  con¬ 
centration  and  low  mobility  [19].  To  take  full  advantage  of 
HEMT  structure,  AlGaAs  layers  with  larger  energy  gaps  (such 
as  obtained  by  increasing  the  A1  content)  and  lower  doping 
concentration  (which  is  well  compensated  by  the  photoexcited 
carrier)  should  be  fabricated.  Thus  photoexcited  carriers  can 
be  generated  in  the  GaAs  near  the  two-dimensional  electron 
gas  (2DEG)  channel  and  shorter  electron  transit  times  will  be 
obtained.  The  mobility  of  the  electron  is  further  increased  by 
the  lower  doping  concentration  in  the  AlGaAs  layer  and  gain 
is  increased.  The  other  consideration  is  to  reduce  the  influence 
of  low-mobility  holes  by  the  hole  sink  configuration  [20]. 

IV.  CONCLUSION 

Using  the  photoconductivity-enchanced  laser  mixing  tech¬ 
niques,  we  have  reduced  the  influence  of  the  drawback  effects 
and  extended  direct  optical  control  of  the  devices  and  systems 
from  the  X  band  to  the  Ka  band.  Semiconductor  lasers  with 
wavelength  stabilization  and  tunability  by  temperature,  exter¬ 
nal  cavity,  and  current  control  [1]  can  be  used  to  replace  CW 
dye  and  HeNe  lasers  as  light  sources  for  realization  of  com¬ 
pactness.  Specially  designed  structures,  especially  HEMTs  with 
tailored  AlGaAs  layers  and  minority-carrier-sink  configura¬ 
tion  can  be  incorporated  with  the  optimized  lasers  to  form 
optically  controlled  systems  working  well  into  the  millimeter 
wave  frequency. 
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Printed  Circuit  Antennas  with  Integrated 
FET  Detectors  for  Millimeter- Wave 

Quasi  Optics 

WILBERT  CHEW  and  HAROLD  R.  FETTERMAN,  senior  member,  ieee 


Abstract  —  Planar  twin  dipole  microstrip  antennas  with  integrated  FET 
detectors  have  been  constructed  and  found  to  provide  antenna  patterns 
suitable  for  millimeter-wave  quasi -optical  applications.  The  circuits  are 
suitable  as  individual  elements  of  an  imaging  array.  A  63  GHz  heterodyne 
mixer  using  such  a  circuit  produced  a  s  stem  noise  temperature  of  7900  K. 

I.  Introduction 

TILIZATION  of  the  millimeter-wave  region  de¬ 
mands  the  development  of  economical  and  practical 
techniques.  Quasi-optical  systems  using  unconfined  beam 
propagation  often  become  more  practical  than  systems 
using  very  small  waveguide  components.  Rapid  improve¬ 
ments  in  FETs  (field  effect  transistors)  and  printed  circuit 
antennas  are  making  them  economical  and  effective  com¬ 
ponents.  FETs  have  demonstrated  conversion  gain  and 
low  noise  as  heterodyne  mixers  at  lower  frequencies  [1]. 
FET  detectors  can  be  integrated  with  printed  circuit  anten¬ 
nas  to  take  advantage  of  their  qualities  in  millimeter-wave 
quasi-optical  systems. 

An  attractive  application  of  these  circuits  making  use  of 
the  high  resolution  of  millimeter  waves  is  millimeter-wave 
imaging.  Printed  circuit  antennas  are  the  most  economical 
way  to  provide  enough  antennas  for  an  unscanned  imaging 
array.  In  an  imaging  array,  in  contrast  to  the  more  conven¬ 
tional  phased  array,  each  array  element  operates  indepen¬ 
dently  and  provides  the  signal  for  a  separate  picture  ele¬ 
ment,  or  pixel.  A  large  reflector  or  telescope  can  illuminate 
an  entire  quasi-optical  array  at  once.  Such  an  array  can 
image  a  broad  field  of  view,  as  optical  systems  can,  with¬ 
out  repositioning  the  telescope  for  each  pixel.  Each  array 
element  has  its  own  feed  antenna.  The  feed  antenna  need 
not  have  high  gain,  but  should  have  low  side  lobes  and  a 
fairly  symmetrical  central  lobe  which  can  be  efficiently 
covered  by  a  conventional  reflector. 

A  simple  twin  dipole  antenna  design  inspired  by  previ¬ 
ous  millimeter-wave  twin  slot  [2]  and  twin  microstrip  dipole 
13),  [4]  designs  can  provide  performance  suitable  for  imag¬ 
ing  and  other  quasi-optical  systems.  The  antenna  is  printed 
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Fig.  1.  Quasi-optical  FET  mixer/detector  microstrip  circuit  for  0.011 
in.  (0.28  mm)  thick  PTFE/glass  substrate.  FET  source,  drain,  and  gate 
are  wire-bonded  to  points  S.  D.  and  G.  Gate  bias  chip  capacitor  is 
attached  at  point  CC  and  wire-bonded  to  point  C. 

on  one  side  of  the  substrate,  along  with  IF  (intermediate 
frequency)  and  bias  lines  in  a  single  patterning  step  (e.g. 
Fig.  1).  The  detector  FET  is  mounted  on  the  surface 
between  the  twin  full-wave  dipoles.  The  FET  will  normally 
be  used  as  a  heterodyne  mixer  for  sensitive  detection.  In 
this  study,  they  also  operated  as  video  detectors  for  easily 
testing  the  antenna  patterns.  The  essential  nonlinearity 
used  for  either  video  detection  or  heterodyne  mixing  in  a 
FET  is  the  nonlinear  drain  current  versus  gate  voltage 
characteristic,  the  slope  of  which  is  the  gate-voltage-depen¬ 
dent  transconductance.  The  FET  mixer/detector  is  biased 
near  the  turn-on  point,  where  the  nonlinearity  is  greatest, 
unlike  a  FET  amplifier.  In  either  case,  the  lines  away  from 
the  antenna  need  carry  only  dc  bias  voltages  and  IF  or 
video  signals,  avoiding  the  difficulties  of  providing  a  low- 
loss  millimeter-wave  transmission  line. 

II.  Design 

The  microstrip  circuit  of  Fig.  1  was  designed  as  a  FET 
gate  mixer  on  a  0.011  in.  (0.28  mm)  thick  glass-filled  PTFE 
(polytetrafluoroethylene)  substrate.  Both  RF  (radio  fre¬ 
quency)  signal  and  LO  (local  oscillator)  inputs  are  sent 
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Fig  2  Projected  construction  of  a  large  two-dimensional  imaging  arras  using  tested  circuits  (a)  Fabricate  printed  circuits 
lb)  Cement  FETs  to  substrate  and  wire-bond  FET's  to  circuits  (c(  Assemble  substrates  to  form  focal-plane  arras  and  make 
connections  to  IF  circuits 


Fig.  3.  Four-element  building  block  for  large  imaging  array.  Microstrip 
circuits  for  beam-lead  Schottky  diodes.  Diodes  are  placed  at  points 
marked  X.  Lines  indicating  edges  of  substrate  are  0.400  in.  (10  16  mm) 
apart.  Substrate  is  0.009  in.  (0.23  mm)  thick  fused  quaru. 
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through  the  antenna  to  the  FET  gate-source  input.  The 
FET  is  used  to  convert  from  the  balanced  dipole  RF  feed 
at  its  input  to  an  unbalanced  IF  transmission  line  at  the 
drain  output.  The  IF  transmission  line  is  intended  to  work 
as  coplanar  waveguide  backed  by  a  lower  ground  plane  [5], 
[6],  with  the  lines  used  to  bias  the  FET  gate  and  source 
serving  as  the  coplanar  ground  conductors  and  the  line 
from  the  drain  used  as  the  center  line  of  the  coplanar 
waveguide.  The  IF/bias  lines  consist  of  cascaded  quarter- 
wave  sections  for  RF  forming  low-pass  filters  which  pre¬ 
sent  a  low  impedance  for  RF  and  LO  at  the  FET  output  as 
desired  for  a  gate  mixer,  but  present  high  impedances  to 
the  dipoles  to  avoid  disturbing  the  antenna  performance. 
Effects  of  the  IF  at  the  FET  input  are  minimized  by 
operating  the  IF  line  in  the  coplanar  waveguide  mode  and 
suppressing  the  balanced  IF  mode.  The  undesired  bal¬ 
anced  IF  mode  (6).  in  which  the  coplanar  ground  conduc¬ 
tors  take  on  opposing  mode  voltages  instead  of  being  at 
the  same  potential,  would  allow  spurious  low-frequency 
responses  and  IF  noise.  The  IF  ground  conductor  used  to 
bias  the  FET  gate  is  connected  to  the  other  ground  con¬ 
ductors  via  a  100  pF  chip  capacitor. 

Many  ingenious  and  efficient  quasi-optical  mixers  use 
too  much  area  for  a  reasonably  dense  two-dimensional 
imaging  array.  The  circuits  here  are  compact  enough  to 
place  detectors  two  free-space  wavelengths  apart  in  an 


Fig.  4  Antenna  pattern  of  twin  microstrip  dipoles  with  diodes.  Video 
response  at  81  GHz  (linear  voltage  scale,  arbitrary  normalization) 
versus  position  angle.  Left  side:  //-plane  cut.  Right  side:  /-.-plane  cut. 

arbitrary  large  array,  as  in  Fig.  2.  The  practicality  of  such 
an  array  design  was  tested  using  beam-lead  diode  detectors 
in  the  circuits  of  Fig.  3.  The  diodes  are  similar  to  those 
described  by  Calviello  el  at.  [7],  The  measured  video 
response  versus  angle  for  one  of  them  at  81  GHz  is  shown 
in  Fig.  4.  Pattern  cuts  taken  in  the  E  plane  and  the  H 
plane  are  shown  on  opposite  sides  of  the  same  plot.  The 
pattern  is  respectable  despite  the  proximity  of  neighboring 
elements  and  the  substrate  edge. 

Although  diode  mixers  are  presently  better  developed 
than  FET  mixers  at  millimeter-wave  frequencies.  FET 
mixers  offer  the  possibility  of  conversion  gain.  3t  ever- 
increasing  frequencies  [8].  Also.  FET's  are  three-terminal 
devices  which  allow  some  separation  of  inpul  and  output. 
For  example,  the  diode  circuits  of  Fig.  3  require  baluns 
when  operated  as  mixers  with  coaxial  output;  the  FET 
circuit  of  Fig.  1  does  not.  because  the  FET  separates  the 
balanced  dipole  RF  input  from  the  unbalanced  IF  output. 

III.  Antenna  Patterns  with  Int'  grated  FET's 

To  studs  antenna  problems  w  ithout  the  problems  caused 
bv  using  FET's  beyond  their  usual  operating  frequencies, 
we  tested  X-band  (8-12  GHz)  antenna  models  with  pack- 
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Fig,  5.  Antenna  pattern  of  X-band  fused  quartz  superslratc  antenna 
with  FET.  Video  response  at  11  GHz  (linear  voltage  scale,  arbitrary 
normalization)  versus  position  angle.  Left  side:  //-plane  cut.  Right 
side:  /.'-plane  cut. 


Fig.  6.  Microcomputer-controlled  bench-top  antenna  pattern  measure¬ 
ment  setup.  Video  response  of  the  integrated  detector  is  recorded  as  the 
antenna  is  rotated. 


aged  FET s  (NEC  NE70083)  before  trying  millimeter-wave 
circuits.  A'-band  copper  foil  microstrip  antennas  on  fused 
quartz  and  glass-filled  PTFE  (3M  CuClad  with  permittiv¬ 
ity  of  2.3)  substrates,  and  an  inverted  microstrip  antenna 
on  a  fused  quartz  superstrate,  were  fabricated  and  tested. 

The  inverted  microslrip  antenna  is  a  practical  modifica¬ 
tion  of  a  superstrate  structure  in  which  a  microstrip  an¬ 
tenna  on  a  low-permittivity  substrate  is  covered  by  a 
high-permittivity  superstrate.  Such  a  superstrate  structure 
was  suggested  by  Alexopoulos  and  Jackson  (9]  to  prevent 
losses  to  substrate  or  surface  modes.  In  the  inverted  mi¬ 
crostrip  structure,  an  air  gap  replaces  the  low-permittivity 
substrate.  Air  gap  thickness  was  experimentally  adjusted  to 
0.11  in.  (2.8  mm)  with  a  0.050  in.  (1.27  mm)  thick  fused 
quartz  superstrate  to  obtain  the  antenna  pattern  of  Fig.  5. 
The  pattern  is  easily  ruined  if  the  air  gap  is  too  wide. 

We  measured  antenna  patterns  using  the  apparatus  of 
Fig.  6.  On  all  three  microstrip  types,  twin  dipole  antennas 
(with  circuit  patterns  similar  to  Fig.  1)  gave  acceptable 
antenna  patterns.  All  acceptable  antenna  patterns  were 
essentially  similar;  the  representative  pattern  of  Fig.  5 


Fig  8.  Antenna  paltem  of  millimcter-wavc  PTFE-glass  microslrip  an¬ 
tenna  with  FET.  Video  response  at  64  GHz  (linear  voltage  scale, 
arbitrary  normalization)  versus  position  angle  Left  side:  //-plane  cut 
Right  side:  /.-plane  cut. 


came  from  the  inverted  microstrip  structure.  Video  re¬ 
sponse  from  the  FET  is  shown  versus  orientation  (CT 
represents  the  direction  perpendicular  to  the  substrate 
surface). 

Since  all  three  A'-band  models  gave  acceptable  patterns 
with  FET s,  we  constructed  60  or  70  GHz  versions  of  each. 
The  inverted  microstrip  (superstrate)  antenna  proved  diffi¬ 
cult  to  fabricate  without  disturbing  bond  wires  to  the  FET 
while  fitting  them  within  an  air  gap  as  narrow  as  desired 
for  70  GHz.  The  nominal  FET  chip  thickness  of  140  gm  is 
an  appreciable  fraction  of  the  desired  gap  of  less  than  400 
pm.  Using  a  wider  air  gap  did  not  produce  an  acceptable 
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antenna  pattern.  Monolithic  construction  could  be  more 
practical. 

The  other  two  structures  gave  better  results.  The  video 
response  antenna  pattern  at  68  GHz  of  a  quartz  microstrip 
circuit  wire-bonded  with  an  NEC  NE71000  FET  chip  is 
shown  in  Fig.  7.  The  video  response  antenna  pattern  at  64 
GHz  of  a  similar  PTFE-glass  microstrip  circuit  is  shown  in 
Fig.  8.  Both  are  suitable  patterns  for  quasi-optical  applica¬ 
tions  with  conventional  mirrors  and  lenses,  having  well¬ 
shaped  main  lobes  directed  perpendicular  to  the  substrate 
surface,  and  small  side  lobes  (on  a  linear  scale). 


IV.  Mixer  Results 

The  microstrip  circuit  of  Fig.  1,  which  gave  the  antenna 
pattern  of  Fig.  8,  was  constructed  on  RT/Duroid  5880 
(Rogers  Corp.,  permittivity  2.2)  using  an  NEC  NE71000 
FET  (a  widely  used  0.3  ftm  gate  length  GaAs  FET).  The 
coplanar  IF  line  was  soldered  to  an  SMA  coaxial  connec¬ 
tor  at  the  substrate  edge.  It  was  operated  as  a  gate  mixer 
with  the  gate  dc  bias  near  the  turn-on  point  at  -0.8  V  and 
the  drain  bias  at  0.7  V,  both  with  respect  to  the  grounded 
source. 

The  maximum  conversion  gain  of  a  gate  mixer  and  the 
LO  power  requirement  for  maximum  gain  can  be  esti¬ 
mated  using  Maas’s  [1],  (8]  simple  modifications  of  the 
expressions  of  Pucel  et  al.  [10],  Maximum  conversion  gain 
is  approximately 


8,2* 

“rfC2* 


and  the  required  local  oscillator  power  for  maximum  gain 
is  approximately 

^*1.0  *  ("l-O^Lo)  ^in/2 

where  g,  is  the  magnitude  of  the  fundamental  component 
of  the  time- varying  transconductance,  «RF  is  the  RF  sig¬ 
nal  radian  frequency,  C  is  the  time-averaged  gate-source 
capacitance,  RL  is  the  IF  load  impedance  at  the  drain,  Rjn 
is  the  input  resistance  (including  gate,  source,  and  intrinsic 
resistances),  «LO  is  the  LO  radian  frequency,  and  Vlo  is 
the  LO  voltage  amplitude  for  maximum  gain.  Using  g[  * 
Gu  m«/4,  where  GMmtx  is  the  maximum  value  of  the  dc 
transconductance,  using  ^LO  as  the  voltage  swing  between 
the  tum-on  point  and  the  point  of  maximum  dc  transcon- 
ductance,  and  using  typical  values  of  GMmtx  *  68  x  10' 3  S, 
C*  0.28x10' 12  F,  Rl  =  55  8,  Rin*5.1  8,  VLO  =  1  V, 
and  the  values  wRF  =  2w  X  63  X  109  Hz  and  uLO  = 
2w  x62xl09  Hz,  we  obtain  an  estimated  maximum  con¬ 
version  gain  of  0.25  or  a  conversion  loss  of  6  dB,  with  an 
LO  requirement  of  30  mW.  The  orders  of  magnitude 
match  the  measured  values,  indicating  that  at  these  mil¬ 
limeter-wave  frequencies,  the  basic  microwave  gate  mixer 
mechanisms  still  apply  and  the  quasi-optical  input  has 
reasonable  efficiency. 

To  operate  it  as  a  mixer,  LO  and  RF  inputs  were 
combined  using  a  quasi-optical  diplexer  (11)  in  the  quasi- 
optical  noise  measurement  system  of  Fig.  9.  This  produced 


Expanded  polystyrene 
foam  vessel 


Fig.  9  Quasi-optical  noise  measurement  system.  LO  (from  klystron) 
and  RF  (from  blackbody)  arc  combined  using  a  quasi-optical  diplexer. 
System  noise  and  system  response  to  hot  and  cold  blackbody  radiation 
are  measured  using  the  mixer  under  test. 


a  directly  measured  system  noise  temperature  of  7900  K 
with  a  conversion  loss  of  9.5  dB  at  an  IF  of  1.25  GHz  and 
an  LO  of  35  mW  at  62  GHz.  This  was  a  double  sideband 
measurement  made  at  room  temperature  (298  K).  Since 
the  circuit  is  most  sensitive  near  64  GHz  and  is  much  less 
sensitive  to  the  lower  sideband  near  61  GHz,  the  single 
sideband  noise  figure  should  be  nearly  as  low  as  this 
double  sideband  noise  figure  measurement,  while  the  sin¬ 
gle  sideband  conversion  loss  should  be  almost  half  of  this 
double  sideband  measurement.  The  system  noise  tempera¬ 
ture  includes  any  noise  from  the  klystron  LO,  the  losses 
from  optics,  diffraction,  obscuration,  and  coupling  ineffi¬ 
ciencies,  IF  isolator  loss,  and  the  noise  of  the  IF  chain,  in 
addition  to  the  noise  of  the  mixer  circuit.  Noise  from  the 
klystron  LO  is  expected  to  be  low,  and  is  filtered  by  the 
quasi-optical  interferometer  diplexer  [11].  The  IF  isolator 
and  amplifier  chain  had  a  measured  noise  temperature  of 
113  K.  The  mixer  conversion  loss  includes  all  losses  and 
gains  between  the  hot/cold  blackbody  radiator  (chopper 
or  absorber)  and  the  input  of  the  IF  isolator.  The  inte¬ 
grated  structure  makes  separate  losses  difficult  to  evaluate 
accurately  without  more  detailed  measurements.  The  LO 
power  level  was  optimized  for  noise  figure,  and  at  a 
saturation  level  for  conversion  efficiency.  Both  conversion 
loss  and  noise  were  higher  when  LO  power  was  increased 
to  50  mW.  Though  the  mixer  produced  conversion  loss 
rather  than  conversion  gain,  and  the  LO  requirement  is 
relatively  high,  our  results  show  a  promising  noise  figure. 
The  noise  measurement  system  constitutes  a  practical 
Dicke  [12]  radiometry  system,  so  these  measurements  rep¬ 
resent  realistic  system  performance. 

V.  Conclusions 

These  results  show  that  a  FET  mixer  integrated  with  a 
simple  printed  circuit  antenna  can  provide  useful  perfor¬ 
mance  at  63  GHz.  The  circuits  are  suitable  for  imaging 
and  other  quasi-optical  applications.  The  results  were  ob¬ 
tained  using  a  popular  commercial  FET  wire-bonded  to 
the  circuit.  Further  advances  in  performance  may  be  ex- 
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pected  with  custom  optics,  refinements  in  circuit  design, 
beam-lead  devices  or  monolithic  approaches,  and  relentless 
advances  in  available  FETs. 
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ABSTRACT 

Coherent  mixing  of  optical  radiation  from  a  tunable  CW  dye  laser  and  a 
stabilized  He-Ne  laser  was  used  to  generate  millimeter-wave  signals  in  GaAs 
FETs  attached  to  printed  circuit  millimeter-wave  antennas.  The  generated  sig¬ 
nal  was  further  down-con  verted  to  a  2  GHz  i.f.  by  an  antenna-coupled  millim¬ 
eter  LO  at  62  GHz.  Detail  characterization  of  power  and  S/N  under  different 
bias  conditions  have  been  performed.  This  technique  is  expected  to  allow  sig¬ 
nal  generation  and  frequency-response  evaluation  of  millimeter-wave  devices 
at  frequencies  as  high  as  100  GHz. 
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1.  Introduction 


Optical  control  of  millimeter-wave  devices  has  attracted  recent  attention  because  of  its 
potential  applications,  such  as  in  enhancement  of  device  performance,  signal  switching,  signal 
synchronization  and  distributed  control  of  communications  and  radar  systems  [1-8].  Recently 
we  demonstated  coherent  mixing  of  optical  radiation  to  generate  stable  broadband-microwave 
signals  beyond  Ka  band  in  FETs  and  related  three-terminal  devices  [9-10].  In  this  paper  we 
describe  the  use  of  this  optical-mixing  technique  to  generate  a  64  GHz  signal  in  a  GaAs  FET 
with  an  integrated  printed-circuit  antenna  designed  for  quasioptical  millimeter-wave  applica¬ 
tions  [11].  This  configuration  permits  the  direct  coupling  of  a  millimeter-wave  local  oscillator 
(  LO  )  through  the  antenna  to  the  illuminated  gate  terminal  of  the  GaAs  FET.  We  obtain  i.f. 
(1-2  GHz)  beat  signals  between  the  optical  beat  signal  and  the  millimeter-wave  LO  (  klys¬ 
tron,  Impatt  diode  or  Gunn  diode  ),  which  can  then  be  characterized  for  power  and  gain. 

Using  intensity-stabilized  and  optically  tunable  lasers  together  with  millimeter-wave 
sources  will  allow  the  generation  of  signals  and  characterization  of  millimeter- wave  devices  at 
frequencies  as  high  as  100  GHz  relatively  free  from  the  limitations  imposed  by  the  mounting 
fixtures  and  the  related  parasitics  associated  with  these  devices.  In  addition  to  testing,  this 
approach  has  potential  for  generation  and  heterodyne  detection  of  millimeter  waves. 

II.  Experiment 

The  experimental  setup  is  shown  in  Fig.  1.  A  stabilized  He-Ne  laser  (  Model  200  / 
Coherent  )  and  a  CW  ring  dye  laser  (  Model  699-21  /  Coherent  ),  optically  pumped  by  an  Ar+ 
laser,  were  used  to  illuminate  the  GaAs  FETs.  The  penetration  depth  of  these  lasers  into 
GaAs  is  about  0.3  ,  which  is  the  same  order  as  the  thickness  of  the  active  region  of  the 

FETs.  The  wavelength  of  the  ring  dye  laser,  monitored  by  a  Burleigh  optical  wavemeter  can 
be  continuously  tuned  to  any  value  within  the  dye  emission  spectrum.  For  the  Kiton  620  dye  ( 
600  -  640  nm  ),  the  tuning  range  is  more  than  40  nm  around  the  He-Ne  line.  Consequently 
the  beat  frequency  of  the  two  CW  lasers  can  be  easily  varied  from  zero  to  several  hundred 
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GHz  while  the  intensities  of  the  lasers  are  kept  constant. 

In  order  to  generate  optical  millimeter-wave  beat  frequencies,  the  wavelength  of  the  dye 
laser  must  be  very  close  to  the  wavelength  of  the  He-Ne  laser.  To  generate  a  7.5  GHz  optical 
beat  frequency,  for  CAample,  corresponds  to  tuning  a  0.01  nm  wavelength  difference  between 
two  lasers.  Therefore  an  extremely  accurate  measurement  of  the  frequency  difference  between 
the  lasers  is  required  to  make  this  technique  practical.  The  laser  powers  are  approximatedly 
0.5  m\V  for  the  He-Ne  laser  and  400  mW  for  the  dye  laser.  The  linewidth  and  stability  of  both 
lasers  were  typically  less  than  one  MHz. 

The  commercially  available  FETs  (  NEC/NE71000  ),  which  have  gate  length  about  0.3 
pm  and  drain-source  distance  of  2  pm,  were  integrated  on  a  printed  circuit  RT/duroid  micros¬ 
trip  antenna  (  dash-lined  area  in  Fig.  2  ).  This  microstrip  circuit  was  designed  as  a  FET  gate 
mixer  on  a  RT/  duroid  substrate  with  permittivity  of  2.2  (  from  Rogers  Corp.  ).  The  FET  is 
used  to  convert  from  the  balanced  dipole  r.f.  feed  (  signal  and  LO  )  at  its  input  to  an  unbal¬ 
anced  i.f.  transmission  line  at  the  drain  terminal  of  the  FET.  The  i.f.  transmission  line  is 
intended  to  work  as  coplanar  waveguide  backed  by  a  lower  ground  plane.  These  i.f.  lines, 
which  also  carry  the  DC  biases,  consist  of  cascaded  quarter- wave  (  at  r.  f.  )  sections  forming 
low  pass  filters  which  approximately  present  an  effective  short  circuit  for  r.f.  at  the  FET  out¬ 
put  without  disturbing  the  antenna  feed.  Effects  of  *be  i.f.  at  the  input  are  minimized  by 
operating  the  i.f.  line  in  the  coplanar  waveguide  mode  without  exciting  the  balanced  i.f.  mode. 
A  100  pF  capacitor  grounds  the  FET  gate  line  at  the  i.f.  (  Some  data  in  Appendix  A  and 
more  information  in  Ref.  1 1  ). 

The  above  configuration  prevents  the  direct  application  of  microwave  signals  to  the  FET 
in  the  antenna  circuit  via  the  i.f.  and  bias  lines.  Therefore  we  used  a  second  FET  of  the  same 
type  mounted  and  connected  to  50  Q  microstrip  lines  on  alumina  substrate  at  the  gate  and  the 
drain  for  calibration  and  normalization  [9],  This  calibration  FET,  marked  "FET'  in  Figure  1, 
was  used  to  evaluate  optical  conversion  loss,  loss  in  the  printed-circuit-antenna  circuit  and 
noise  figures  at  i.f.  frequencies. 
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To  detect  the  millimeter-waves  generated  by  optical  beating,  an  LO  can  be  introduced  to 
the  gate  of  the  FET  either  by  an  external  generator  [9]  or  by  the  FET  itself,  configured  with  a 
feedback  loop,  to  serve  as  an  oscillator  [12].  As  a  result  of  the  nonlinearity  of  the  GaAs 
FET’s  transconductance,  the  electrical  r.f.  signal  mixes  with  the  r.f.  signal  produced  by  optical 
beating,  and  produces  an  i.f.  beat  signal.  In  the  past,  millimeter-wave  signals  generated  in 
this  manner  have  been  measured  using  harmonic  mixing  with  Ka-band  sources  [9].  However, 
the  power  output  of  the  different  harmonics  had  been  observed  to  be  highly  nonlinear  in  the 
FETs.  For  example,  depending  on  the  input  power,  the  output  power  of  the  third  harmonic 
can  be  higher  than  of  the  second  harmonic  at  microwave  frequencies  [12-13].  Although  these 
harmonics  can  be  used  for  frequency  measurements,  they  are  generally  not  sufficient  to  serve 
as  LO.  In  order  to  characterize  the  device  performance  more  precisely,  we  used  a  fundamen¬ 
tal  millimeter- wave  LO  from  either  a  reflex  klystron  (  Varian  VC-1112  with  Harris  819  power 
supply  ),  a  Gunn  diode  (  Hughes  47224H  )  or  an  Impatt  solid  state  source  (  Hughes  47174H  ) 
quasioptically  coupled  to  the  antenna  to  generate  the  i.f.  beat  signal. 

To  couple  simultaneously  the  optical  and  millimeter-wave  signals  to  the  FET  ,  a  flat 
brass  reflector  with  a  central  hole  (  1  mm  diameter  )  was  used.  A  25  dB  directivity  horn  and 
a  polyethylene  lens  with  focal  length  (  f.l.  )  of  25.4  mm  effectively  coupled  the  LO  to  the 
antenna.  A  f.l.  50  mm  lens  was  inserted  between  the  reflector  and  beam  splitter  to  focus  the 
laser  beam  into  a  spot  of  4.5  \im  in  diameter  (  originl  beam  size  0.75  mm  in  diameter  ).  A 
DC  current  meter  was  used  to  monitor  indirectly  the  power  of  the  optical  and  millimeter-wave 
signals.  Since  the  power  of  the  stabilized  He-Ne  laser  is  about  two  orders  lower  than  that  of 
the  dye  laser,  the  first  variable  beam  splitter  was  adjusted  to  transmit  less  than  10  %  of  the 
total  dye-laser  power  to  the  second  beam  splitter.  On  the  other  arm  of  the  second  beam 
splitter,  the  microstrip-line-mounted  FET  on  alumina  substrate  with  the  gate  connected  to  a 
sweep  generator  and  the  drain  connected  to  a  spectrum  analyzer  directly,  was  illuminated  by 
the  focused  lasers  through  a  microscope  objective  (  f.l.  16  mm  ).  The  optical  power  density 
on  the  calibration  FET  were  approximately  5  KW/cn i2  for  He-Ne  laser  and  40  KVu'Icrr ?  for  dye 


laser,  respectively. 

In  our  experiment,  we  first  calibrated  the  r.f.  power  gain  of  the  optical -input/elec  trical- 
output  against  that  of  an  electrical  input/output  and  evaluated  the  conversion  loss  with  the 
FET  on  alumina  substrate  at  i.f.  (  1-2  GHz  ).  The  noise  figure  of  this  FET  is  specified  to  be 
0.6  dB  at  1-4  GHz.  Instead  of  S-parameter  measurements,  the  increases  of  the  power  and  of 
the  S/N  between  the  biased  and  the  unbiased  conditions,  i.e.  V^,  =  Vgs  =  0  V,  were  measured. 
In  most  measurements  at  i.f.  frequencies,  the  S/N  increases  will  be  presented.  Since  the  noise 
figures  of  the  FET  are  almost  constant  at  these  frequencies,  the  S/N  increases  were  approxi- 
equal  to  the  power  increases  in  our  measurements.  At  millimeter-wave  frequencies, 
however,  the  noise  figure  of  the  FET  changes  and  therefore  the  power  and  the  S/N  are 
presented  together.  The  adoption  of  this  approach  will  discussed  later. 

The  S/N  increase  of  the  optical-mixing  signal  between  the  biased  and  the  unbiased  con¬ 
ditions  was  27  dB.  This  was  within  5  %  of  the  S/N  increase  measured  with  an  electrical  sig¬ 
nal  applied  to  the  gate  from  a  sweep  generator  under  the  same  DC  biases  (  V*  and  Ids)  and 
unbiased  conditions  while  the  FET  was  not  illuminated.  Therefore  we  consider  the  S/N 
increase  of  the  optical-input/electrical-output  as  that  of  the  electrical  input/output  of  a  matched 
network.  To  evaluate  the  conversion  loss  at  the  i.f.,  we  applied  a  0  dBm  electrical  signal  at  4 
GHz  from  the  sweep  generator  to  the  gate  of  the  FET  on  alumina  substrate  to  mix  the  optical 
beat  signal  (  S/N  was  37  dB  )  at  2  GHz.  The  resulting  i’.f.  beat  signal  was  found  to  have  S/N 
of  30  dB  near  2  GHz  (  Fig.  3(a)  ).  A  conversion  loss  of  7  dB  was  therefore  obtained,  which 
was  close  to  that  of  a  GaAs  Schottky  diode  (  about  6  dB  ).  Power  versus  Vgs,  for  both 
optical-mixing  signals  and  electrical  signals  without  illumination,  was  also  measured  (  Fig.  4 
).  With  an  adequate  LO  power,  the  conversion  loss  of  64  GHz  mixing  is  expected  to  be  of 
the  same  order  of  magnitude  as  this  measurement  since  the  mixing  mechanism  is  the  same. 
This  prediction  is  based  on  the  similar  data  for  the  conversion  loss  of  the  GaAs  Schottky 
diodes  at  these  frequencies  (14] 
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Next  looking  at  the  antenna-coupled  FET,  we  found  that  the  power  of  an  optical  beat 
signal  of  this  FET  at  2  GHz  was  substantially  lower  than  that  of  the  FET  on  alumina  substrate 
at  2  GHz.  This  difference  is  attributed  to  the  gate-grounding  configuration  at  i.f.  as  well  as 
the  low  permittivity  substrate  of  the  antenna  circuit.  Because  the  detectable  power  at  i.f.  was 
substantially  lower  for  the  antenna  circuit,  a  1-2  GHz,  37-dB-gain  i.f.  amplifier  with  noise 
figure  of  1.0  dB  was  inserted  between  the  FET  of  the  antenna  circuit  and  the  spectrum 
analyzer. 

Using  this  system  the  evaluation  of  the  performance  of  the  FET  at  64  GHz  was  obtained 
when  the  optical  beat  signal  was  tuned  to  millimeter-wave  frequencies.  A  50  mW  klystron 
LO  was  mixed  with  the  optical  beat  signal  and  an  i.f.  at  2  GHZ  with  a  S/N  of  25  dB  was 
generated  (  Fig.  3(b)  ).  The  conversion  loss  of  i.f.  beat  signal  is  assumed  to  be  7  dB  as  deter¬ 
mined  previously.  With  a  Gunn  diode  as  LO  at  20  mW,  the  S/N  was  about  15  dB  and  with  a 
noisier  50  mW  Impatt  diode  as  LO,  the  S/N  was  only  7  dB.  No  sidebands  had  been  observed 
for  all  three  different  LO’s.  By  tuning  the  wavelength  of  the  dye  laser,  we  performed  optical 
scanning  over  the  bandwidth  of  i.f.  amplifier.  Although  this  technique  could  in  principle  be 
used  to  determine  the  bandwidth  of  the  antenna  structure,  we  found  the  frequency  response  to 
be  limited  by  the  i.f.  amplifier. 

Saturation  phenomena  were  observed  when  the  power  of  the  klystron  (  Fig.  5  )  or  the 
dye  laser  was  higher  than  a  critical  value.  This  effect  indicates  a  compression  of  signal 
resulting  from  the  nonlinear  response  to  klystron  power  and  the  saturation  of  electron-hole- 
pair  generation  in  the  active  area  of  the  FET  with  the  dye  laser  power.  For  the  FET’s,  the 
compression  of  fundamental  output  power  occurred  when  the  input  power  exceeds  about  -5 
dBm  [13].  And  the  saturation  of  carrier  generation  depends  on  the  effective  density  of  states  ( 
Nc  )  in  conduction  band  (  4.7  x  1017  cm"3  for  GaAs  ).  Fig.  5  also  shows  the  S/N  is  more 
sensitive  to  V*  than  to  Vgs.  In  these  experiments,  the  optical  intensities  were  adjusted  to  the 
saturation  region  to  prevent  the  influence  of  small  intensity  flunctuation  of  the  lasers.  Inten¬ 
sity  of  dye  laser  was  adjusted  such  that  and  output  power  of  beat  signals  remained  the 
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same  when  there  was  even  a  10%  reduction  of  it  Under  the  above  conditions,  the  power, 
S/N  and  versus  V ^  curves  were  obtained,  as  shown  in  Figures  6(a)-(c). 

ID.  Discussion 

One  of  the  current  efforts  of  optical  control  of  millimeter  wave  devices  has  been  focused 
on  the  transport  mechanism  of  the  photoexcited  carriers.  For  the  bulk-type  devices  of  the 
high  purity  semiconducting  materials,  such  as  optical  switches  and  delay  lines,  or  diode-type 
devices,  such  as  pin  diodes  and  avalanche  diodes,  several  authors  had  discussed  the  related 
mechanisms  in  detail  (  for  examples  in  Ref.  3  and  5  ).  For  the  FET’s,  however,  the  plasma 
frequencies  of  injected  carriers  are  normally  higher  than  the  operating  frequencies  (  active 
region  is  doped  to  1017/cm3  ).  Additionally,  two  applied  electrical  fields,  and  Vgs  compli¬ 
cate  the  theoretical  analysis.  Several  experimental  studies  on  the  frequency  response  of  these 
devices  have  indicated  the  fast  photoconductivity  mechanism  should  be  implemented  while  the 
slow  photovoltaic  mechanism  should  be  suppressed  {15-17].  As  discussed  previously,  using 
optical  mixing  technique,  we  suppressed  some  of  undesirable  effects  such  as  capacitance,  trap 
and  backgating  effects  to  obtain  higher  frequency  response  [10]. 

Fig.  4  shows  the  output  power  versus  gate  bias,  at  2  GHz.  The  pinchoff  voltage  of 
this  particular  FET  is  -  0.8  V.  Electrical  signals  applied  to  the  gate  of  the  FET  without 
illumination.  The  output  signals  show  no  gain  when  is  less  than  -  0.8  V.  Under  illumi¬ 
nation,  the  output  power  of  beat  signal  increases  to  a  maximum  value  around  =  -1.0  V, 
then  declines  slowly  even  beyond  the  pinchoff  voltage.  For  the  latter  case,  the  change  of 
built-in  voltage,  AV^,  of  the  Schottky  barrier  between  the  gate  electrode  and  GaAs  active  area 
under  illumination  is  given  as  [4] 

AVb,  =  —  In  (1  +  — )  =  —  In  —  When  pt  »  p0  (1) 

9  Po  9  Po 

where  pt  and  pc  stand  for  the  photoexcited  and  dark  hole  (  lifetime  bout  50  ns  )  concentrtions, 
respectively.  By  comparing  the  photogenerated  currents  (  in  order  of  10  mA  when  Vv  biased 
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at  pinchoff  voltage)  from  two  CW  lasers  with  the  currents  of  no  illumination,  we  estimate  pt 
in  the  order  of  10 17/cm3  and  obtain  AV^  about  1.0  V  which  indicates  the  space-charge  region 
under  the  gate  electrode  was  suppressed  by  the  photogenerated  carriers.  For  the  steady  state 
under  illumination  and  without  biases,  the  fluctuation  of  carrier  concentration  is  expected  in 
the  limit  of  dielectric  relaxation  time  (  sub-picoseconds  ).  The  FET  can  be  thought  as  a  pho- 
toconductive  device  under  this  circumstance  since  the  related  input  capacitances  are  either 
suppressed  or  not  related  to  the  optical  mixing  signals.  To  obtain  a  peak  output  power  is 
equivalent  to  have  maximum  modulation  depth  which  occurs  when  the  original  carriers  are 
depleted  by  the  applied  Vgs.  The  injected  holes  suppress  the  space-charge  region  while  the 
injected  electrons  modulated  by  the  beat  frequency  to  a  maximum  depth.  More  discussions 
on  photoconductivity  mechanism  of  optical  mixing  can  be  found  in  Ref.  10. 

The  nonlinearity  of  FET’s  has  been  observed  when  FET’s  were  used  as  mixers  with  two 
electric  signals  applied  to  the  gate  of  FET  (  for  example  in  Ref.  11).  In  this  case,  only  uni¬ 
polar  carriers  (  electrons  )  are  dominant.  In  the  optical  mixing  case  when  both  electrons  and 
holes  are  generated  in  the  form  of  plasma.  In  both  cases,  the  FET’s  can  be  used  as  the 
square-law  detectors  [18J.  To  account  for  the  phase  delay  as  a  function  of  complex  dielectric 
constant,  the  nonlinerity  of  plasma  can  be  under  consideration  [2,5]. 

Rigorously,  power  gain  analysis  should  be  modified  to  adjusted  for  the  light  input  as  an 
additional  terminal  either  by  converting  the  two  port  circuit  to  a  three  port  network  or 
represent  the  beat  signal  as  an  input  to  a  modified  equivalent  circuit  model  of  FET.  Addition¬ 
ally,  nonlinear  circuit  model  should  be  also  considered.  From  the  other  viewpoint,  if  the 
experimental  data  can  be  analyzed  in  the  relative  basis  against  a  calibration  FET,  some 
relevent  information  can  also  be  obtained.  The  latter  approach  is  adopted  in  the  current  paper. 

The  power  increase  is  equivalent  to  the  ratio  between  |S2i  I2  with  bias  and  |S2i I2  without 
bias.  For  a  passive  and  matched  circuit,  |52J|2  is  equal  to  unity,  the  power  increase  can  be 
considered  as  |S21|2  with  bias.  In  our  approach,  the  matched  condition  is  not  difficult  to 
obtain  s;nce  the  characterization  is  performed  at  i.f.  frequencies.  Even  if  the  circuit  is  not 
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matched,  the  S  parameters  are  still  easy  to  measure  at  these  frequencies.  Under  these  cir¬ 
cumstances,  the  unbiased  |S2j|2  can  be  measured  and  used  as  a  proportionality  constant 
between  the  power  increase  and  the  biased  |52]|2. 


On  the  other  aspect,  the  optical  beat  signal  generated  by  two  CW  lasers  can  be  techni¬ 
cally  considered  as  no  electrical  input  and  therefore  no  reflected  signal,  i.e.,  S21  *  0.  Since 
power  gain  can  be  defined  as  follows: 


Power  Gain  = 


_ IS2112(1-Il) _ 

(l-|Sn|2)  +  rfcis^l2  -  D2)  -  2  Re(rL  N) 


(2) 


where 


r  =  Zl  ~  2° 

L  zL  +  z0 

D  =  $11  $22  **  ^12-^21 
N  =  S22  -  DS'U 


We  assume  the  impedance  is  matched  for  our  concerned  circuit,  i.e.,  Z^  =  Zq,  the  power  gain 
is  then  equal  to  |S21I2.  Therefore  the  power  increase  can  be  considered  to  be  the  r.f.  power 
gain  for  optically  generated  signal. 


The  power  conversion  efficiency  from  optical  signal  to  electrical  signal  can  be  evaluated 
as  Allows.  The  GaAs  FETs're  passivated  by  a  mixture  layer  of  Sig  and  Si$N4,  with  index  of 

K  /N 

refraction  1.46  and  2.05,  respectively.  The  original  purpose  of  this  passivation  layer  is  to 
prevent  containmination  from  foreign  materials  and  to  condition  surface  stress.  In  our 

experiments,  this  layer  also  served  as  an  Anti -Reflecting  (  AR  )  coating  between  air  and  GaAs 
(  relative  dielectric  constant  er  =  12.90  ).  Actually  this  layer  has  been  used  on  semiconductor 
lasers  as  AR  coating  for  years.  By  adjusting  the  thickness  of  this  layer  we  can  theoretically 
obtain  100  %  coupling  efficiency.  The  optical  mixing  efficiency  can  attain  50  %  at  maximum 
if  the  a  square-law  detector  is  used  and  the  intensities  of  two  input  lasers  are  adjusted  equal  [ 
18  J.  Therefore  we  expect  to  obtain  a  better  power  output  if  the  power  of  He-Ne  laser  can  be 
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increased. 


The  phase  angles  of  the  optical  beat  signals  can  be  related  to  an  experimental  observa¬ 
tion.  When  the  signal  from  the  LO  was  applied  to  the  FET,  the  noise  floor  was  raised  at  i.f. 
frequencies.  For  example,  when  the  noisy  Impatt  diode  was  used  as  LO,  a  raise  of  more  than 
5  dB  of  the  noise  floor  had  been  observed.  If  only  one  laser  illuminated  the  FET  with  the  LO 
applied,  the  noise  floor  raised  more  but  in  negligible  fractions  of  1  dB.  But  when  FETs  were 
illuminated  by  both  lasers,  the  noise  induced  by  LO’s  was  significantly  suppressed.  This 
interesting  phenomenon  can  be  explained  as  follows.  At  64  GHz,  the  phase  angle  of  S2i  of 
the  r.f.  signal  from  the  LO  is  assumed  to  be  180  degrees.  The  optical  beat  signals,  on  the 
other  hand,  were  generated  at  both  gate-source  and  gate-drain  terminals  simultaneously, 
namely  the  phase  angle  is  0  degree.  This  configuration  is  similar  to  of  a  180-degree  hybrid 
microwave  mixer  and  therefore  the  LO  noise  is  suppressed  [19].  The  observation  of  the  LO 
excess-noise  suppression  by  the  similar  configuration,  in  which  a  double-detector  system  with 
a  180-degrees  phase  shifter  connected  to  one  of  the  detectors,  had  also  been  reported  in  opti¬ 
cal  regime  [20].  The  concept  of  local  oscillator  noise  suppression  can  also  be  explained  in 
terms  of  well  known  DPSK  (  Differentil  Phase  Shift  Keying  )  receiver  systems  [21]. 

Under  the  condition  of  Vgs  =  0  V  and  =  0  V,  which  is  similar  to  a  Schottky  diode 
without  bias,  the  i.f.  beat  signal  was  still  observed  (  Fig.  4  ).  In  Fig.  5(a),  a  power  increase  of 
3.8  dB  was  observed  when  =  1.0  V  in  comparison  with  the  power  at  =  0  V.  But  the 
best  S/N  increase,  about  1  dB,  was  obtained  when  *  0.6  V  (  Fig.  5(b)  ).  The  noise- 
temperature  parameters  of  the  GaAs  FETs  are  turned  out  lower  but  still  reasonable  in  agree¬ 
ment  with  the  previous  observations  (  detailed  is  explained  in  see  Appendix  B  ).  When  V* 
was  greater  than  0.8  V,  both  S/N  and  declined  and  power  saturated  (  Fig.  5(a)-(c)  ).  The 
decreasing  S/N  and  I&  was  observed  only  when  both  optical  signals  and  LO  signal  were 
applied  simultaneously  and  V ^  exceeded  the  saturation  voltage  (  or  electrical  field  ). 

For  further  comparison,  the  S/N  of  the  i.f.  beat  signal  versus  was  measured  in  the 
FET  on  alumina  substrate.  This  i.f.  beat  signal  was  generated  by  the  same  method  for 
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evaluating  the  conversion  loss  as  described  previously,  i.e.,  by  a  2  GHz  optical  beat  and  a  4 
GHz  electrical  signal  introduced  to  the  gate  from  a  sweep  generator.  A  similar  decline  of 
S/N,  when  exceeded  0.8  V,  was  observed.  This  degradation  of  performance  of  both  S/N 
and  1^  can  be  explained  by  the  electron  heating  and  intervalley  scattering  effect  in  the  GaAs 
FET.  The  increase  of  the  scattering  noise  degrades  the  S/N  while  the  lower  mobility  of  elec¬ 
trons  in  the  upper  valley  degrades  4  [22].  Fig.  5(b)  indicates  that  for  obtaining  the  optimal 
noise  figure,  the  device  should  be  biased  at  just  below  the  saturation  voltage. 

In  summary,  either  optical  or  millimeter-wave  mixing  occured  in  the  FETs  without 
requiring  biases.  Adjusting  both  and  Vgs  will  improve  the  beat  signals  with  having  a 
greater  effect.  At  64  GHz,  adjusting  V ^  can  add  a  few  dB  to  the  S/N  for  the  FET.  Using 
this  setup,  we  demonstrated  an  efficient  method  to  down-convert  the  millimeter-wave  signal  to 
i.f.  with  minimum  parasitics  associated  with  the  mounting  fixture  as  well  as  the  devices.  The 
characterization  of  the  power  and  gain  at  i.f.  is  therefore  equivalent  to  their  evaluation  using 
the  millimeter-wave  signal. 

The  performance  of  related  devices,  such  as  High  Eletron  Mobility  Transistor  (  HEMT  ), 
Heterostructure  Bipolar  Transistor  (  HBT  )  and  monolithic  HEMT  amplifiers,  is  currently 
being  investigated. 

IV.  Conclusion 

This  paper  reports  the  generation  and  detection  of  a  millimeter-wave  signal  at  64  GHz  in 
a  GaAs  FET  integrated  with  a  millimeter- wave  antenna  by  optical  mixing.  The  interesting 
noise-suppression  phenomenon  in  the  process  of  signal  generation  not  only  reveals  rich  physi¬ 
cal  content  but  also  suggests  potential  applications.  The  demonstrated  technique  also  shows 
the  capability  of  the  measurement  of  a  r.f.-isolated  three-terminal  millimeter-wave  device. 
Performance  of  the  devices,  such  as  power,  gain  and  bandwidth  can  be  measured. 

These  advantages  come  from  the  optical  mixing  of  the  lasers,  which  supply  a  stable 
source  to  generate  millimeter-wave  signals  in  these  devices  relatively  free  from  the  parasitics 
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and  the  limitations  associated  with  the  devices  as  well  as  the  mounting  features.  With  minor 
modifications,  the  technique  is  ready  to  be  extended  as  high  as  100  GHz.  Future  work  will 
include  improvement  in  the  antenna  design  and  the  extension  of  the  bandwidth  of  i.f.  amplifier 
to  enable  the  measurement  of  the  frequency  response  of  the  candidate  millimeter-wave  devices 
by  direct  optical-scan. 

V.  Appendices 

Appendix  A  :  Some  data  for  the  printed  circuit  antenna 

The  estimated  directivity  of  the  printed  circuit  antenna  is  about  11  dB.  The  measured 
conversion  loss  of  quasioptical  mixer  using  the  FET  circuit  at  63  GHz  was  9.5  dB  double 
sideband,  i.e.,  a  conversion  gain  of  0.112.  The  integrated  structure  makes  other  separate 
parameters  difficult  to  extract.  A  figure  of  merit  often  used  for  other  quasioptical  mixer  is  the 
isotropic  conversion  gain,  Glso ,  given  by  [23] 

Guo  -  Gc  Gm  (3) 

where  Gc  is  the  mixer  conversion  gain  not  including  antenna  losses,  and  G ^  is  the  antenna 
gain.  In  this  case,  since  the  measured  conversion  loss  includes  antenna  losses, 

GIS0  -GmD  ~  (0.1 12)  (12)  =  1.4  (4) 

where  Gm  is  the  measured  mixer  conversion  gain,  and  D  is  the  antenna  directivity. 


Appendix  B.  Evaluation  of  Noise  Figure 

To  treat  the  noises  of  GaAs  FETs,  van  der  Ziel  included  the  induced  gate  noise  mechan¬ 
ism  [24].  Baechtold  introduced  the  hot-electron  effect  [22].  Pucel  et  al.  presented  the 
mechanism  of  high-field  diffusion  noise  due  to  dipole  layer  drifting  through  the  saturated 
velocity  portion  of  the  channel  [25].  Fukui,  on  the  other  hand,  gave  empirical  equations  which 
are  based  upon  fitting  noise  data  of  GaAs  FETs  at  1.8  GHz  [26]  which  were  not  favored  at 
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higher  frequencies  [27], 


In  our  particular  case,  we  firstly  consider  three  major  extrinsic  elements  related  to  noise 
parameter  calculation  :  Gate  metallization-resistance,  source  resistance  and  pad  resistance  [22]. 
The  optical-injection  signals  actually  bypass  the  gate-metallization  and  pad  resistance.  The 
generated  electron-hole  pairs  between  source  and  gate  region  reduce  significantly  the  source 
resistance  by  suppressing  space-charge  region  as  well  as  increasing  the  density  of  conducting 
carriers.  Secondly  the  saturation-velocity  region,  which  described  by  Pucel  etal.  is  not  easily 
to  be  defined  since  the  space-charge  region  is  suppressed.  When  the  signal  from  LO  applied 
to  the  gate  of  the  FETs,  we  can  visualize  the  Schottky  gate  simply  a  zero  biased  or  even  a 
forward  biased  Schottky  diode.  Under  above  considerations,  we  can  simply  start  from 
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=  1  +  Y 


'sat 


(5) 


Where  Tn,  £,  and  Esal  are  noise  temperature,  applied  electric  field  and  saturation  electric  field, 
respectively.  And  y  is  the  concerned  fitting  parameter.  This  empirical  equation  is  effective 
when  £  <  Es<u  [22].  The  noise  temperature  in  eqn  (5)  includes  the  noises  related  to  GaAs 
FET  as  a  mixer  as  well  as  an  amplifier  at  i.f.  nd  r.f.  frequencies.  The  rigorous  treatment  can 
be  found  in  [28]. 


Using  a  technique  similar  to  the  well-known  Y-factor  method  although  we  are  dealing 
with  a  nonlinear  case,  the  calculation  can  be  proceeded  as  follows.  The  noise  figure,  NF,  can 
be  written  in  terms  of  noise  temperature  as 


NF  (dB)  =  10  log j0 


(6) 


Substituting  eqn  (6)  directly  into  (5)  with  two  different  data  points 


f  * 

Ei 

Esal 

3' 

NF,  =  10  logjo 

2  +  Y 

• 

►  ^ 

£2 

3' 

NF2  =  10  log10 

2  +  Y 

ESal 
\  > 

(7) 

(8) 
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Substracting  eqn  (7)  from  cqn  (8)  results  in 


ANF  =  10  log  jo 


To  define  the  noise  figure  in  terms  of  the  S/N,  we  have 


NF  =  10  log  10 


Using  similar  procedure  for  two  data  points  as  eqn  (4)  through  eqn  (6)  to  obtain 

'  '  ^  '  »  *  •  «  « 
NFj  -  NF2  =  10  log,o  ---  -logjo  -  log 20  ~  +  log10 

1^2  JJ 

Therefore 

r  \  r  \  \ 

S  S 

ANF  =  -  10  log10  -fi-  -  logjo  T ~  ■  -  AS/N 

l  r<*JJ 

Since  £  <  EsaJ,  we  can  assume 


(10) 


(11) 


(12) 


(13) 


Selecting  V^si  =  0.0  V,  Vjg  =  0.6  V  and  V^,  *  0.8  V',  we  can  obtain  S/N  difference  (  AS/N  ), 
about  0.8  dB,  between  S/N’s  at  V^j  and  from  Figure  6(b)  (  klystron  power  at  20  mW  ), 

then  substitute  these  values  into  eqn  (9)  to  obtain  y=  1.0.  This  value  is  in  agreement  with  the 
previous  results  :  the  values  of  y  were  in  the  range  of  0.6  to  6.0  (29). 
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FIGURE  CAPTIONS 


Fig.  1  Experimental  setup  shows  the  calibrated  FET  and  the  FET  in  the  printed  antenna  cir¬ 
cuit 


Fig.  2  Pattern  of  the  millimeter-wave  antenna.  FET  source,  drain,  and  gate  re  wire-bonded  to 
points  S,  D,  nd  G.  Gate  bias  chip  capacitor  is  attached  at  point  CC  nd  wire-bonded  to  point  C 
[Ref.  11]. 

Fig.  3(a)  A  -39  dBm  optical  beat  signal  with  37  dB  S/N  at  2.056  GHz  and  a  -45  dBm  second 
beat  signal  at  2.016  GHz  (  between  electrical  and  optical  beat  signal  ).  A  7  dB  conversion 
loss  is  shown.  3(b)  A  S/N  25  dB  second-beat  i.f.  between  klystron  signal  and  optical-beat 
signal. 


Fig.  4  Output  power  vs.  Vgs  of  optical  beat  signal  and  electrical  signal  without  illumination 
at  2  GHz.  Both  output  signal  are  adjusted  to  -35  dBm  at  Vgs  =  0  V. 

Fig.  5  S/N  of  second  beat  signal  versus  klystron  power  at  different  biases  of  and  V* 

Fig.  6(a)  Signal  Power,  (b)  S/N,  and  (c)  lds  of  second  beat  signal  versus  at  10  mW,  20  mW 
and  40  mil'  of  klystron  power.  Vgs  is  at  -  0.7  V. 
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Abstract 

The  S-parameters  of  an  AlGaAs/GaAs  heterojunction  bipolar  transis¬ 
tor  (HBT)  was  measured  using  a  picosecond  optoelectronic  system.  The 
measured  S-parameters  show  good  agreement  with  those  obtained  using  a 
conventional  vector  network  analyzer.  The  optical  response  of  the  HBT 
was  also  measured  using  this  system  by  directly  illuminating  the  base- 
collector  region.  Used  as  a  phototransistor  the  HBT  showed  pulsewidths 
with  FWHM  on  the  order  of  15  picoseconds. 


1 


I.  Introduction 


In  recent  years  there  has  been  steady  progress  in  the  development  of 
high  frequency  semiconductor  devices  and  millimeter  wave  integrated  cir¬ 
cuits.  Current  high  frequency  transistors  have  cutoff  frequencies  well  be¬ 
yond  the  bandwidth  that  can  be  measured  conveniently  using  conventional 
network  analyzers.  As  a  result  the  millimeter  wave  S-parameters  of  devices 
are  commonly  calculated  from  the  extrapolation  of  small  signal  models  of 
the  transistor  based  on  the  microwave  measurements.  This  extrapolation 
method  has  not  been  proven  to  be  reliable  in  predicting  behavior  of  devices 
at  frequencies  much  higher  than  the  measured  frequency.  By  using  external 
mixers  the  current  bandwidth  of  network  analyzers  has  been  extended  to 
about  110  GHz.  But  several  difficulties  arise  in  characterization  of  devices 
in  the  millimeter  wave  region.  At  high  frequencies  the  transistors  have  to 
be  mounted  in  test  fixtures  with  waveguide- to-microstrip  transitions.  It 
is  difficult  to  design  wide  bandwidth  and  low  loss  waveguide-to-microstrip 
transitions.  The  actual  S-parameters  of  the  device  have  to  be  de-embedded 
from  the  test  fixture  and  with  transitions  having  a  high  insertion  loss  er¬ 
roneous  results  can  be  obtained.  Another  technique  for  characterization 
of  high  frequency  transistors  relies  upon  using  six-port  network  analyzers 
[1].  Although  this  method  does  not  require  mixers,  transitions  and  a  com¬ 
plicated  de-embedding  procedure  are  still  necessary  to  obtain  the  actual 
S-parameters  of  the  device. 

Use  of  time-domain  techniques  for  characterization  of  devices  offer  ad¬ 
vantages  over  frequency-domain  techniques  used  by  most  network  analyz¬ 
ers.  By  measuring  the  response  of  the  device  in  the  time-domain  and  taking 
the  Fourier  transform  of  the  data  the  frequency  performance  of  the  device 
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can  be  calculated.  The  response  of  the  device  can  be  ”  windowed”  in  the 
time-domain  and  separated  from  reflections  from  transitions  and  other  un¬ 
wanted  signals  before  it  is  analyzed.  This  will  simplify  de-embedding  of  the 
S-parameters  of  devices.  But  the  use  of  TDNA  for  device  characterization 
has  been  very  limited  due  to  a  lack  of  availability  of  fast  electrical  pulse 
generators  and  oscilloscopes. 

In  order  to  improve  and  optimize  performance  of  millimeter  wave  tran¬ 
sistors  it  is  important  to  have  a  simple  technique  for  direct  characterization 
of  devices  at  very  high  frequencies.  Picosecond  optoelecronic  techniques  of¬ 
fer  a  new  method  for  generation  and  sampling  of  ultrafast  electrical  pulses 
[2-4].  These  electrical  pulses  can  be  used  to  test  the  response  of  high  speed 
semiconductor  devices  [5]  and  integrated  circuits  [6,7].  Using  photoconduc- 
tive  switches,  picosecond  electrical  pulses  can  be  generated  and  sampled  at 
a  very  short  distance  from  a  device.  Therefore,  the  high  frequency  signals  do 
not  have  to  travel  through  long  sections  of  transmission  lines  and  waveguide 
transitions,  making  this  technique  superior  to  conventional  network  analyz¬ 
ers.  In  this  study  S-parameters  and  optical  response  of  AlGaAs/GaAs  het¬ 
erojunction  bipolar  transistors  (HBTs)  which  are  very  promising  devices  for 
applications  in  microwave  and  millimeter  wave  integrated  circuits  [8]  were 
characterized  using  the  picosecond  optoelectronic  technique. 

II.  Measurement 

An  AlGaAs/GaAs  HBT  was  mounted  in  an  optoelectronic  test  fixture 
as  shown  in  figure  1.  The  HBT  tested  had  3x10  f.im2  emitter  and  self- 
aligned  base  ohmic  metal.  The  structure  and  fabrication  of  this  device  was 
previously  reported  in  detail  [9].  The  microstrip  lines  were  fabricated  using 
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gold  on  silicon  on  sapphire  (SOS)  substrates.  A  thin  layer  of  chromium  was 
used  to  improve  adhesion  between  the  gold  and  the  silicon  surface.  The 
sapphire  substrates  were  about  125  fim  thick  and  the  microstrip  lines  were 
designed  to  have  a  50  Q  impedance.  The  silicon  epi-layer  was  about  0.5  fim 
thick  and  was  heavily  implanted  with  four  different  energies  of  silicon  ions 
to  shorten  the  carrier  lifetime  tc  subpicosecond  levels. 

On  each  side  of  the  device  there  are  two  photoconductive  switches  which 
consist  of  25  fim  gaps  in  the  side  microstrip  lines.  By  applying  a  DC 
bias  to  a  photoconductive  switch  and  focusing  a  picosecond  laser  beam  on 
the  gap  fast  electrical  pulses  are  generated  that  propagate  on  the  center 
transmission  line.  A  second  photoconductive  switch  is  used  for  sampling 
of  the  electrical  pulses.  The  center  microstrip  lines,  in  addition  to  being 
used  for  launching  the  fast  electrical  pulses,  are  also  used  to  supply  the  DC 
biases  to  the  transistor.  This  will  allow  the  characterization  of  the  device 
at  any  bias  point.  The  center  microstrip  lines  are  made  long  enough  such 
that  the  reflections  from  the  bias  lines  arrive  at  the  sampling  switch  outside 
the  ’’time- window”  necessary  to  measure  the  response  of  the  device. 

Figure  2  shows  the  schematic  of  the  picosecond  optoelectronic  system 
used  to  measure  the  S-parameters  of  the  HBT.  The  pump  source  for  the  dye 
laser  is  an  actively  modelocked  frequency  doubled  Nd:YAG  laser  putting  out 
70  ps  pulses  at  a  wavelength  of  532  nm  and  repetition  rate  of  14  ns.  The  dye 
laser  uses  Rhodamine  6G  (R6G)  dye  and  has  a  cavity  dumper  which  allows 
the  repetition  rate  of  the  pulses  to  be  varied.  The  dye  laser  is  operated  at 
a  wavelength  of  600  nm  with  repetition  rate  of  140  ns  and  average  power 
of  70  mW.  The  optical  pulses  have  a  pulsewidth  of  1.2  ps  measured  using 
an  optical  autocorrelator.  The  train  of  picosecond  laser  pulses  from  the 


4 


dye  laser  is  split  into  two  beams.  The  first  beam  passes  through  an  optical 
chopper  and  is  focused  onto  one  of  the  pulse  generating  switches  on  the 
optoelectronic  test  fixture.  The  second  beam  travels  a  path  with  a  variable 
length  and  is  focused  onto  one  of  the  sampling  switches.  The  length  of  this 
path  can  be  varied  very  precisely  by  movement  of  a  computer  controlled 
translation  stage.  The  pathlength  of  the  second  beam  can  be  varied  such 
that  it  arrives  at  the  sampling  switch,  before,  during,  or  after  the  arrival  of 
the  optical  pulse  at  the  generation  switch.  The  output  from  the  sampling 
switch  is  fed  into  the  input  of  the  lock-in  amplifier.  Depending  on  which 
one  of  the  four  optical  switches  is  used  as  the  generator  and  which  one  as 
the  sampler  the  HBT  can  be  characterized  completely  in  the  time-domain. 
By  taking  the  Fourier  transform  of  the  reflected  and  transmitted  signals 
and  normalizing  it  to  the  Fourier  transform  of  the  appropriate  input  signal 
the  S-parameters  of  the  device  can  be  determined  [5]. 

III.  Results 

Figure  3  shows  the  time-domain  response  of  the  HBT  measured  by  the 
picosecond  optoelectronic  system.  In  figure  3(a)  the  input  reflection  of  the 
device  was  measured  by  using  switch  1  as  the  pulse  generator  and  sampling 
switch  2.  The  first  peak  in  the  figure  corresponds  to  the  electrical  autocor¬ 
relation  of  the  input  pulse  to  the  device.  As  the  delay  of  the  sampling  pulse 
was  varied  the  reflection  from  the  bond  wires  and  then  the  reflection  from 
the  device  was  obtained.  To  analyze  the  data  the  autocorrelation  signal 
was  separated  from  the  bond  wires  and  device  reflections.  Then  the  reflec¬ 
tion  of  the  bond  wires  was  also  ’’windowed  out”.  Since  a  small  section  of 
microstrip  transmission  line  separates  the  device  from  the  sampling  point 
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the  reference  plane  of  the  measurement  has  to  be  moved  to  account  for  the 
phase  change.  This  can  be  done  very  simply  in  the  time-domain  by  time 
shifting  the  reflected  signal.  Then  by  taking  the  ratio  of  the  Fourier  trans¬ 
form  of  the  reflected  signal  to  the  autocorrelation  signal  the  input  reflection 
coefficient  (Sn)  of  the  HBT  can  be  determined. 

To  measure  the  input  gain  of  the  transistor  (£21)  switch  1  was  used  as 
the  pulse  generator  and  switch  4  as  the  sampler.  The  result  shown  in  figure 
3(c)  shows  the  electrical  pulse  that  has  been  broadend  to  about  35  ps  by 
passing  through  the  transistor.  Again  this  pulse  has  to  be  time-shifted  to 
account  for  the  short  length  of  microstrips  on  both  side  of  the  device.  S21 
of  the  HBT  can  be  determined  by  taking  the  Fourier  transform  of  this  pulse 
and  normalizing  it  to  the  effective  input  signal  to  the  transistor.  A  similar 
procedure  was  also  used  to  measure  the  reverse  transmission  and  output 
reflection  of  the  HBT  (figures  3(b)  and  3(d))  and  then  S12  and  S22  were 
determined  from  these  measurements. 

The  optically  measured  S-parameters  of  the  HBT  are  shown  in  figure 
4  for  the  frequency  range  of  1-40  GHz.  For  comparison  S-parameters  of  a 
similar  HBT  was  measured  using  on-wafer  RF  probes  and  a  conventional 
vector  network  analyzer  (HP  8510).  The  network  analyzer  measurements 
for  the  range  of  1-26  GHz  axe  also  shown  in  figure  4.  Except  for  some 
discrepancies  the  two  measurement  techniques  are  relatively  in  good  agree¬ 
ment.  The  discrepancies  are  believed  to  be  due  to  the  effect  of  the  bond 
wires  on  the  optically  measured  S-parameters  and  slight  differences  between 
the  two  HBTs  tested. 


6 


IV.  Optical  Response 


HBTs  are  also  important  in  applications  such  as  high  speed  optical 
detectors  for  optical  communication  [10],  and  for  optical  control  of  MMICs 
[11].  As  a  result,  it  is  important  to  measure  the  speed  of  the  HBT  as 
a  photodetector.  Using  picosecond  optoelectronic  techniques  the  speed  of 
photodetectors  can  be  measured  [12].  The  same  optoelectronic  test  fixture 
used  in  the  S-parameter  measurements  was  used  to  the  measure  the  speed 
of  the  HBT  as  an  optical  detector.  In  this  case  the  optical  generation  pulse 
was  focused  onto  the  HBT  and  the  output  signal  was  sampled  at  switch 
4.  In  these  measurements  the  base  of  the  HBT  was  floating  and  the  device 
was  tested  as  a  phototransistor.  Since  this  device  has  a  self-aligned  base 
metal  the  separation  between  the  base  fingers  and  the  emitter  edge  is  only 
about  0.15  pm  [9].  As  a  result  the  laser  pulse  penetrates  the  device  only 
between  the  base  and  the  collector  fingers.  For  a  wavelength  of  600  nm  the 
penetration  depth  in  GaAs  is  about  3000  A  [13].  With  base  and  collector 
thicknesses  of  1500  A  and  5000  A  respectively  most  of  the  light  absorption 
will  occur  within  these  two  layers. 

The  optical  response  of  the  HBT  for  a  collector-to-emitter  voltage  of  3 
volts  is  shown  in  figure  5.  The  pulse  has  a  FWHM  of  about  15  ps  which 
is  very  fast  considering  the  device  does  not  have  a  built  in  field  in  the  base 
region.  The  pulsewidth  of  the  optical  response  of  the  HBT  vs.  the  collector- 
to-emitter  voltage  is  shown  in  figure  6.  As  can  be  seen  from  this  figure  the 
pulsewidth  decreases  from  about  55  ps  at  0  V  to  15  ps  at  3  V  and  remains 
constant  for  higher  voltages.  Comparing  figure  5  with  figure  3(c)  it  is  ob¬ 
served  that  a  much  faster  response  time  was  obtained  by  directly  injecting 
an  optical  signal  into  the  HBT  (bypassing  the  base  input).  This  demon- 


strates  that  this  device  is  intrinsically  fast  and  the  electrical  performance  is 
limited  by  the  base  resistance. 

V.  Conclusion 

S-parameters  of  an  HBT  were  measured  up  to  40  GHz  using  a  picosec¬ 
ond  optoelectronic  technique.  The  results  show  good  agreement  with  mea¬ 
surements  of  a  similar  HBT  using  on-wafer  RF  probes  and  a  conventional 
vector  network  analyzer  over  the  bandwidth  of  the  network  analyzer  (26 
GHz).  The  optoelectronically  measured  S-parameters  of  the  device  were 
limited  by  the  cutoff  frequency  of  the  device.  The  system  itself  has  a  band¬ 
width  greater  than  150  GHz.  New  HBTs  with  higher  cutoff  frequencies  are 
currently  being  characterized.  The  optical  response  of  the  HBT  was  also 
measured  using  this  system.  HBTs  appear  to  be  very  promising  as  high 
speed  optical  detector.  Although  in  this  study  the  optical  switches  were 
fabricated  on  a  different  substrate  from  the  device,  it  is  possible  to  inte¬ 
grate  optical  switches  with  devices  on  the  same  wafer  and  remove  the  effect 
of  the  bond  wires  on  the  measurements.  This  will  allow  on- wafer  measure¬ 
ment  of  S-parameters  over  a  wide  bandwidth.  But  since  the  switches  occupy 
a  large  area  of  the  wafer,  the  number  of  test  patterns  will  be  limited.  Other 
techniques  for  on  wafer  measurement  of  S-parameters  are  currently  being 
investigated. 
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Abstract—  An  analytic  model  is  developed  for  the  output  current- 
voltage  characteristics  and  microwave-signal  parameters  of  high  elec¬ 
tron  mobility  transistors  (HEMT’s).  In  this  model,  the  GSW  equation 
is  used  to  approach  the  behavior  of  electron  drift  velocity  versus  elec¬ 
tric  field.  The  resulting  /-  V  curves  are  in  excellent  agreement  with  ex¬ 
perimental  data,  in  order  to  predict  the  microwave  performance  of 
these  devices,  this  model  is  then  used  to  derive  the  small-signal  param¬ 
eters.  transconduct. >nce,  channel  conductance,  and  gate  capacitance. 


I.  Introduction 

THE  HIGH  electron  mobility  transistor  (HEMT)  has 
been  the  focus  of  research  on  high-speed  and  high- 
frequency  semiconductor  devices  since  it  was  introduced 
|l]  in  1980.  A  reliable  analytic  model  is  needed  for  fast 
and  economical  design  of  semiconductor  components  and 
integrated  circuits. 

Recently,  many  researchers  [2]-[5]  have  modeled 
HEMT  I-V  characteristics  by  using  Trofimenkoff’s  ve¬ 
locity-field  dependence  and  adjusting  parameters  to  fit  ex¬ 
perimental  data.  We  have  reported  [6]  that  the  velocity- 
field  dependence  given  by  Giblin  et  at.  [7]  (GSW  equa¬ 
tion)  fits  the  experimental  data  better  than  that  given  by 
Trofimenkoff.  And  we  have  used  the  GSW  equation  to 
describe  the  electron  behavior  of  the  velocity  versus  elec¬ 
tric  field  in  HEMT  and  to  derive  the  l-V  characteristics. 
In  this  paper,  we  extend  this  model  to  include  the  channel 
conductance  in  the  saturation  region  by  solving  the  two- 
dimensional  Poisson  equation  and  the  parasitic  resistance 
due  to  the  undoped  GaAs  buffer  layer.  This  extended 
model  is  then  used  to  derive  the  small-signal  parameters, 
transconductance,  gate  capacitance,  and  channel  con¬ 
ductance  for  microwave  performance.  Without  adjusting 
the  parameters,  the  theoretical  calculations  are  in  excel¬ 
lent  agreement  with  the  experimental  data  measured  by 
Drummond  et  at.  [8]. 

II.  Review  of  the  Model 
Fig.  1  shows  a  band  diagram  of  a  heterostructure  under 
the  influence  of  a  Schottky  gate  in  contact  with  the  larger 
gap  semiconductor.  The  AlGaAs  layer  in  a  HEMT  is  fully 
depleted  under  normal  operating  conditions  and  the  elec¬ 
trons  are  confined  to  the  heterointerface.  The  two-dimen- 


Fig.  I.  The  band  diagram  of  AIGaAs/GaAs  heterostructures  in  the  2DEG 
comrol  regime  by  a  Schottky  gale. 


sional  electron  gas  (2DEG)  density  depends  on  the  gate 
voltage  Vc  and  the  potential  V(x)  in  the  2DEG  channel 
according  to  the  following  equation  [6]: 


n5(x)  = 


qe2 


q'd  +  1 2a 


(  yG  -  Hx)  -  Tto)  ( 1 ) 


where  fy  is  the  permittivity  of  AlGaAs.  d  the  total  thick¬ 
ness  of  AlGaAs  layer,  a  =  0.125  x  10" 12  eV  •  cm;.  and 


TO 
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qNpd] ) 

2e2 


(2) 


In  (2),  <t>h  represents  the  Schottky-barrier  height  between 
the  gate  metal  and  the  AlGaAs,  A  Er  the  conduction  band 
energy  discontinuity,  A =0  at  300  K  and  A£F,  = 
0.025  eV  at  77  K  and  below.  ND  the  doping  density  of  the 
doped  AlGaAs  layer,  and  dlt  the  thickness  of  the  doped 
AlGaAs  layer. 

The  drain  current  is  given  by 

lD  =  qns(x)  Zv(x)  (3) 

where  Z  is  the  gate  width  and  r(x)  the  electron  drift  ve¬ 
locity. 

The  GSW  equation  for  velocity-field  dependence  is 
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V  =  t’j(  1  -  e  £/£r)  (4) 

where  vs  is  the  saturation  drift  velocity,  £,.  =  t',/n,  and 
H  the  low-field  mobility. 

Using  £  =  dV/dx  and  substituting  (<t/  into  (3)  yields 
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dV(x) 

dx 

where 


=  -ir  In  1  - 


Id 


G0{Vg  ~  Vro  ~  V(x)) 


_  q2t2Zv, 
Oq  —  T~ 


q^d  +  e2a 


(5) 


(6) 


Integrating  (5)  from  x  =  0  to  x  =  L  and  using  the  var¬ 
iable  transformation 


t(x)  = 


one  obtains 


where 


G0{Vg  ~  Vto  ~ 
f*  dt 

h  J*  r  In  ( 1  —)  ~ 


(7) 


(8) 


G0(VC  -  Vn  -  IdRs) 
and 


Gq{Vg  —  Vm  ~  I'd  +  IdRd) 


(9a) 


(9b) 


in  which  Rs  is  the  source  resistance  due  to  the  contact 
resistance  and  the  resistance  from  the  source  to  channel, 
and  Rd  is  the  drain  resistance.  Equation  (8)  describes  the 
output  I-V  characteristics  of  HEMT’s  before  saturation. 

To  obtain  saturation  current  and  voltage,  calculating  gD 
=  dlD/ dVD  and  setting  gD  =  0  at  saturation  yields  [6] 


lL.  s»i  ~ 


1 DS 


Go(  VG  ~  Vto  ~  ^ns  +  IdsRd ) 


=  1  (10) 


where  lDS  an<i  K ds  are  the  saturation  current  and  voltage, 
respectively,  for  a  given  gate  voltage. 

Substituting  (10)  into  (8)  yields 


C2('os) 


ZcLGp 

Ids 


01) 


where 


f OS 


_ [ds _ 

G0(VC  -  VT0  -  bsRs) 


and  C2  is  a  function  defined  as 


(12) 


(13) 


The  function  C2(z)  is  plotted  in  Fig.  2. 

Equation  (1 1)  is  used  for  calculating  IDs  for  a  given  VG. 
Once  IDS  *s  determined,  VDs  is  calculated  from  (10).  Usu¬ 
ally,  we  need  the  Ids~Vg  curve  to  determine  the  basic  de¬ 
vice  characteristics.  Equation  (11)  allows  us  to  quickly 
work  out  the  lDs~VG  curve.  First,  we  start  from  a  given 
value  of  Ids »  get  C2(  tos )  by  (11),  then  find  tos  from  Fig. 
2,  and  finally,  obtain  Vc  by  (12).  Using  this  procedure. 


Fig.  2.  The  function  C:(;)  and  C,(;). 


we  can  get  many  points  of  (  VG,  fDs)  to  obtain  the  whole 
Ids~VG  curve. 

For  determining  microwave  performance,  the  transcon¬ 
ductance  and  gate  capacitance  in  the  saturation  region  are 
very  important.  Taking  the  derivative  of  (11),  the  satu¬ 
ration  transconductance  is  given  by 


dh 


8ms 


DS 


1 DS 


dVG  VG  -  Vro  +  W-Ml  ~  U 


•  (14) 


by 


The  gate  capacitance  in  the  saturation  region  is  defined 


Cn  = 


dVr. 


(15) 


where  Qs  is  the  saturation  channel  charge  and  is  given  by 

Q5  =  qZ  [  ns(x)  dx.  ( 16) 

Jo 


After  manipulation,  one  obtains 

r  -  L  (~  1 

Lc  s-  v,  r  «/„) 

where  C3  is  an  integral  function  defined  as 

Cj(z)  =  1  r3  In  ( 1  -7)' 

The  function  C3  is  also  shown  in  Fig.  2. 


(17) 


(18) 


III.  The  Extended  Model 

In  the  above  model,  we  only  consider  the  current  in  the 
2DEG  channel  and  assume  that  the  current  remains  con¬ 
stant  after  saturation,  for  VD  >  VDs ■  However,  the  true 
drain  current  is  not  constant.  To  explain  this  behavior,  we 
will  consider  the  channel  conductance  in  the  saturation 
region  by  solving  the  two-dimensional  Poisson  equation 
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l>r-a  1  n 


M  (Irt  An 


n  f\  1  A  e 


Undo  pn<l 

A  1  CflAN 


(JdArt 
13  u  t  f  or 


and  the  parasitic  resistance  due  to  the  undoped  GaAs 
buffer  layer. 

Divide  the  2DEG  channel  into  two  regions:  low-field 
region  0  <  jr  <  Lt,  and  the  high-field  region,  Lt  <  .r  £ 
L,  as  shown  in  Fig.  3.  At  x  =  Lx,  t(L{)  =  1 ,  the  electric 
field  is  infinite  by  (5),  and  the  electron  drift  velocity  is  vs 
by  (4).  From  (7),  the  potential  at  x  =  L,  is 


Vu  =  Va-VTO-f 

v*0 


(19) 


where  lc  is  the  current  in  the  2DEG  channel. 

Because  we  only  consider  the  2DEG  channel  current  in 
the  above  section,  in  all  of  the  equations  and  the  defini¬ 
tions  of  t(x),  t0,  tL,  tos  and  tL  M1  in  Section  II,  ID  must  be 
replaced  by  Ic  in  this  section.  The  channel  current- voltage 
relation  in  the  low  field  region,  according  to  (1 1),  is  then 
given  by 

IcC2(t0) 

I,  C0 


Lx  = 


(20) 


where  t0  is  defined  in  (9a)  with  ID  replaced  by  /,.. 

Define  x'  =  x  -  Lt.  In  the  high-field  region,  0  <  x' 
<  L2,  we  need  to  solve  the  two-dimensional  Poisson 
equation 

aV(*'.  y)  d2V(x\  y)  =  gNpiy) 

dx’2  dy2  (2 

subject  to  the  following  boundary  conditions: 


(21) 


(a) 


no,  y)  =  yc  + 


/ 

1  N° 

e 2  \  Jo 


( y)dy - ~) 

qZvJ 


•  V  -  —  (  \  No(y)  dy  dy 
€ 2  JO  JO 


(b) 

(c) 


dy 

£7(0,<O  =  So 

V{x\  0  )=VG 


field  region,  x  <  £,,  we  assume  that  in  the  depletion  re¬ 
gion  the  jt  component  of  the  electric  field  is  a  slow-vary¬ 
ing  function  and  hence  d2V/dx2  =  0,  and  get  condition 
(a)  (see  Appendix  A).  In  condition  (b),  we  assume  |  = 
£0  at  x'  =0  in  the  2DEG  channel.  Because  we  use  the 
condition  t(Lt )  =  1  to  determine  the  interface  of  the  low- 
field  and  high-field  regions,  the  electron  drift  velocity  at 
.t'  =  0  is  v,  and  £0  is  infinite,  which  is  physically  impos¬ 
sible.  In  the  calculation  in  Section  IV  we  make  an  as¬ 
sumption  that  £0  *s  the  electric  field  at  which  the  electron 
velocity  v  reaches  the  value  0.99^.  Actually,  any  choice 
for  field  £0  at  which  v  =  yvs  is  acceptable  if  Ci(y)  is 
much  smaller  than  C2(tcs).  In  order  to  be  more  consistent 
with  the  physical  condition,  v  =  vs  in  the  high-field  re¬ 
gion,  we  made  the  choice  y(£  =  £0)  =  0.99  vs.  With  this 
choice,  (19)  and  (20)  are  still  very  good  approximations 
because  C2(0.99)  =  0.  Condition  (c)  treats  the  metal  gate 
as  an  equipotential  plane.  Condition  (d)  is  the  condition 
that  the  v  component  of  the  electric  field  is  discontinuous 
at  the  hetero-interface  due  to  2DEG  (see  Appendix  A). 

Grebene  and  Ghandhi  [9]  have  solved  this  kind  of  two- 
dimensional  Poisson  equation  using  a  self-consistent  ap¬ 
proach.  Here  we  will  introduce  a  simple  and  direct  method 
to  solve  (21)  subject  to  boundary  conditions  (a),  (b),  (c), 
and  (d).  Using  the  variable  transformation 


W(x\y)  =  V(x',y)  + 


(y)  dy  dy  (22) 


one  has 


d2W{x',  y)  ,  d2W{x’,  y)  _  n 
dx’2  dy2  ~  U- 

The  boundary  conditions  for  (23)  are  then  given  by 

/  i 


(23) 


(e) 

no,  y)  =  vG 

dW 

(f) 

(g) 

n x',  o)  =  yc 

(h) 

dy  e2 

j  N„(y) 


dy 


L 

qZvs 


(d) 

ay  t2Zvs 

Boundary  condition  (a)  ensures  the  continuity  of  the  po¬ 
tential  across  the  interface  of  the  two  regions.  In  the  low- 


Using  the  method  of  separation  of  variables  to  solve 
(23),  W(x' ,  v)  has  the  following  form: 

(Atek'  +  B\e~kx  )( C,  cos  ky  +  £>,  sin  ky). 

Examining  (23),  one  can  see  that  the  following  form  is 
also  a  solution: 

A2x'y  +  B2x'  +  C2y  +  D2. 

Hence  we  choose  the  following  function  form  to  match 
boundary  conditions: 

W{x',  y)  =  {Axekx  +  B\e~kx  ) ( C|  cos  ky  +  £>,  sin  ky) 
+  A2x’y  +  B2x'  +  C2y  +  D2.  (24) 
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Through  boundary  conditions  (e),  (g),  (h),  and  (f),  one 
can  easily  obtain  the  solution. 


'» -  '■ +  v 


(32) 


W(x',  v) 


2d{0  .  ,  .  tv 

— —  sinh  —  sin  +  VG 
it  2d  2d 


2(1 


No(y)  dy  - 

o  qZv, 


y  (25) 


or 


The  channel  currents  Ic  after  saturation  and  before  satu¬ 
ration  are  determined  by  (31)  and  (8),  respectively,  with 
lD  replaced  by  lc  in  (8)  in  the  definitions  of  r0  and  tL. 

For  microwave  performance,  we  need  to  know  the  trans¬ 
conductance,  channel  conductance,  and  gate  capacitance 
in  the  saturation  region.  The  transconductance  and  chan¬ 
nel  conductance  are  obtained  by  taking  the  derivatives  of 
(32)  and  (31).  (See  Appendix  B.) 


M  1  + 


^ mi  -  r0) 
(o  VX2  +  1 


) 


8  m 


Vr.  -  V-ro  +  ic[  L  ~  ~~  sinh 


-I 


In  (1  -  r0)  +  /c(Jlo  -  Rd)  ^  ,n^L  'o) 


(33) 


£o  VX2  +  1 


and 


8d  - 


lc  in  (1  -  r0) 
c  to  VX2  +  1 


Vr.  ~  V, 


TO 


*c(l  -  7  sinh-'  x)  In  (1  -  to)  +  Ic(Ro  -  **)  r  ^  °  'o) 


-f  - . 

RP 


(34) 


to  VX2  +  1 


^  rink 


+2(i 

-a: 


ND(y)  dydy. 


(26) 


In  the  2DEG  channel,  y  *  d,  the  voltage  across  the  high- 
field  region,  Lx  <,  x  L,  therefore  is  given  by 


From  (16),  the  channel  charge  in  the  saturation  region 
is  given  by 

JL\  pt 

n,(x)dx  +  qZ\  ns{x)  dx.  (35) 

0  J&i 

In  the  low-field  region,  0  <  x  s  Lu  n,(x)  is  given  by 
(1),  and  in  the  high-field  region,  £,  <  x  <  L,  n,  = 
IJqZv Hence  the  channel  charge  is 


V  V  -  2d^°  cinFi  1^1 

VL  —  Vu  —  sinh  — — - 
ir  2d 

where  VL  is  the  potential  at  x  -  L. 
Substituting  (19)  into  (27)  yields 


(27) 


=  -  f  Vc- 

vs  Jo 


ym-V{x  ))dx  +  !&.  (36) 


2d 


L->  =  —  sinh-1  X 


where 


and 


X  * 


x{VD  —  VG  +  Vm  +  I'(Rq  -  Rd)) 

2d$0 


G0 


(28) 


(29) 


(30) 


Taking  the  derivative  of  Q  with  respect  to  Kc,  we  can  get 
the  gate  capacitance.  (See  Appendix  C.) 

CG  =  -~T  Ud  +  2 leRo(Ci(to)  ~  CM) 

vssc  \ 


Vr.  —  V-ro  - 


Ic 


1  ~  ro 


8m/  f0  In  (1  -to) 


(37) 


Combining  (20)  with  (28)  and  using  L  =  Lx  +  L2,  we 
get  the  channel  current-voltage  characteristics  after  sat¬ 
uration. 


(31) 


tcG0  r 

Including  the  current  due  to  the  parasitic  resistance  of 
the  undoped  GaAs  buffer  layer  Rp,  the  total  drain  current 
is 


In  this  model,  we  obtain  current- voltage  characteristics 
based  on  the  normal  operating  condition,  i.e.,  the  AlGaAs 
layer  is  fully  depleted.  For  a  gate  voltage  exceeding  a  crit¬ 
ical  value  [4],  [10],  the  AlGaAs  layer  is  not  fully  depleted 
by  the  Schottky  gate  and  the  heterojunction,  one  must 
consider  the  conducting  current  in  the  AlGaAs  layer, 
which  causes  the  transconductance  to  be  suppressed. 
There  are  two  other  possible  causes  for  transconductance 
degradation  [11]:  1)  the  series  resistance  increases  as  gate 
voltage  increases,  or  2)  the  gate  to  channel  capacitance 
decreases  as  gate  voltage  increases.  In  this  paper,  we  as¬ 
sume  that  the  drain  resistance  is  constant  in  the  whole 
region.  Actually,  in  the  saturation  region,  there  is  a  higher 
field  region  near  the  gate  end.  which  causes  the  drain  re- 
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Fig.  4.  The  calculated  and  experimental  drain  current  in  the  saturation  re¬ 
gion  as  a  function  of  the  gate  voltage  (  V„  =  IV). 


sisiance  to  increase.  However,  the  voltage  across  the  high- 
ficld  region  in  (27)  is  exaggerated  [11]  since  the  field 
strength  is  already  in  the  negative  differential  mobility  re¬ 
gime.  This  allows  us  to  neglect  the  increased  voltage  drop 
between  the  gate  end  and  drain  and  to  assume  that  the 
drain  resistance  is  a  constant. 

IV.  Comparison  with  Experiment 
Theoretical  l-V  curves  are  compared  to  experimental 
curves  measured  by  Drummond  et  al.  [8].  Fig.  4  shows 
the  calculated  and  experimental  drain  current  in  the  sat¬ 
uration  region  at  room  temperature  as  a  function  of  gate 
voltage.  In  Fig.  5,  we  compare  the  calculated  output  cur¬ 
rent-voltage  characteristics  using  the  extended  model  and 
the  simple  model  described  in  Section  II  to  the  experi¬ 
mental  data.  The  circles  ( •  •  •  • )  are  the  experimental 

data.  The  solid  lines  ( - )  and  the  dashed  lines  ( - ) 

represent  the  calculated  curves  using  the  extended  model 
and  the  simple  model,  respectively.  As  we  can  see  from 
this  figure,  the  curves  using  the  extended  model  are  in 
excellent  agreement  with  the  experimental  data. 

The  parameters  used  for  calculating  the  theoretical 
curves  in  Figs.  4  and  5  are  listed  in  Table  I.  ND,  n,  dd, 
d.  L,  Z ,  and  Rs  are  the  stated  parameters  of  Drummond 
et  al.  They  fabricated  the  HEMT  using  an 
Al0 jGao  7As/GaAs  heterostructure.  RD  =  25  0  is  used  for 
the  best  fit  in  the  linear  region.  Rp  =  4  K  is  chosen  for 
the  fit  in  the  saturation  region,  v,  is  the  electron  drift  ve¬ 
locity  in  GaAs  [I2J.  £0  is  the  electric  field  as  the  electron 
velocity  reaches  0.99 1/,.  e2  and  A Ec  in  AI^Gai  _xAs,  ac¬ 
cording  to  Mailhot  et  al.  [13],  are  determined  by  x  as  fol¬ 
lows: 

«2  -  (13.1  -  3x)e0  =  12.2e„  (38) 

&EC  *  1.06jc  =  0.32  eV.  (39) 

<t>h  in  a  Au-Al,Gai  As  system  is  approximated  by  [14] 
4>*  *  0.92  +  0.62*  =  1.106  V.  (40) 


Fig.  5.  Output  /-P  characteristics.  ( - )  the  calculated  curves  using  the 

extended  model.  ( - )  the  calculating  curves  using  the  simple  model. 

(  ■  ■  ■  ■ )  the  experimental  data  after  Drummond  ei  al.  |8|. 


TABLE  I 

The  Parameters  Used  for  Calculating  the  Theoretical  Curves  in 
Figs  4  and  5 


A0  *  10"  cm"1 

Rd  -  25  O 

M  =  4300 

Rr  =  4000  0 

d4  *  300  A 

e:«  12.2  c. 

d  *  400  A 

A£,  -  0  32 

L  =  \  \un 

*  1.106  V 

Z  «  145  Jim 

¥t  •  8  *  lO1*  emfiee 

*,  *  12  n 

L  -  4  *  L 

In  the  theoretical  calculations  using  the  simple  model 
in  [6],  <t>b  was  adjusted  to  1.08  V  for  the  best  fit  in  the 
saturation  region.  Therefore,  we  had  a  bad  fit  with  exper¬ 
imental  data  in  the  knee  region.  In  Fig.  5.  the  calculated 
curves  using  the  extended  model  show  excellent  agree¬ 
ment  with  the  experimental  data  in  the  whole  region. 

V.  Conclusion 

An  analytic  model  is  developed  for  the  output  current- 
voltage  characteristics  and  the  microwave-signal  param¬ 
eters  of  HEMT’s.  We  use  the  GSW  equation  to  describe 
the  electron  drift  velocity  versus  electric  field  in  HEMT’s, 
solve  the  two-dimensional  Poisson  equation  to  explain  the 
channel  conductance  in  »be  saturation  region,  and  con¬ 
sider  the  current  due  to  tv.  parasitic  resistance  of  the  un¬ 
doped  GaAs  buffer  layer  proposed  analytic  model 
for  HEMT  l-V  characteristics  shows  excellent  agreement 
with  experimental  data. 

Appendix  A 
Boundary  Conditions 

Assume  that  the  x  component  of  the  electric  field  is  a 
slow-varying  function  in  the  low-field  region,  0  <,  x  < 
Li,  and  hence  b2V/bxl  *  0.  The  Poisson  equation  be¬ 
comes 

d2V  qNpjy)  ,.n 

by2  e2 

Integrating  (Al)  and  using  boundary  condition  £y(  y  =  d) 
=  (-bV /by)Ymd  =  qn,(x)/(2.  we  have 
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dV  q  r 

=  --  ND(y)dy 

ay  e2  Jo 

Wf 

f2  \  Jo 


ND(y)  dy  -  ns(x)  j  .  (A2) 

For^!  <  x  <  L.  n,(x)  =  lc/qZv„  and  therefore  we  have 
boundary  condition  (d).  Integrating  (A2)  and  using  the 
condition  V(x,  0)  =  VG,  we  have 

V(x,  y)  =  VG  +  J  ^  jQ  ND{y)  dy  -  ns(x)J  y 

“  f  L  (  N°(y)  dydy  (A3) 

^2  v0  vO 

which  is  boundary  condition  (a)  with  ns( 0)  =  IJqZv 
Appendix  B 

Transconductance  and  Channel  Conductance 
From  (31),  we  can  define 


VD,  Vc)  =  ic  f  — 

Jro  t  In  ( 1  -  /) 


2  dieGo 


sinh  X  +  £fG0L  =  0. 

(Bl) 


Therefore, 


8m 


din 


dlc 


dVr.  dVn 


dF 

dVc 

dF 

dlr 


(B2) 


and 


Appendix  C 
Gate  Capacitance 
From  (36),  we  have 

C0(Fc  -  Vm)Lt 


Q  = 


v, 

»/-l 


Uj  Jo  vs 


(Cl) 


Using  (5)  and  replacing  lD  by  /f,  we  get 

*L\ 


r .  W'c-  Pro)  P  d, 

).  V{X)  dX  — 7,  ~  1.  rin(l  ~) 

-4-  r_ — d± — .  (C2) 

Glic  J,ot3ln(l  -  t) 


+ 


Recalling  tLX  =  1  and  substituting  (20)  into  (C2)  yields 

*L\ 

V(x)  dx  =  (VG-  Vto)Lx 


f 


_  _ZL  f _ (C3) 

Git  Jo./3  In  (1  -  /)'  (  1 

Substituting  (C3)  into  (Cl),  we  have 

Q  =  — S-  f  -r-*—  +  !sk  (C4) 
v,ScG0  J„rln(l  -  7)  v,  ■ 

Taking  the  derivative  of  Q  with  respect  to  VG 

dQ_  =  L  9 

dVG  vs  dVG  vs  I’stGo  dVc 

['  dt  \  _  ['  dt 
J/n  f3  In  ( 1  -  /)/  i\t-Go  I.,  r  In  ( 1  -  t) 


dF 

=  Ik  +  1  =  JIr  .  1 

Sd  dVD  Rp  dF  RP 
dlc 

From  (Bl),  one  easily  obtains 

dF_  m  Gp  Got  .  1 

dVG  In  ( 1  -  t0)  $0  VX1  +  1 

dF_  m  G0t  1 
dVD  t  '  Vx^Tl 


(B3) 


(B4) 

(B5) 


dF  m  G0(Vg  -  Vjg)  _  Got  .  *o  ~  *D 
dle  Ic  In  (I  -t0)  $0  n/X*  +  1 

+  ^sinh-,x.ai^. 

x/f  7C 

Hence,  we  have  the  final  results  in  (33)  and  (34). 


(B6) 


(C5) 

Using  (28),  (33),  and  (31).  after  manipulation,  one  can 
get  the  final  result,  (37). 
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High  electron  mobility  transistors  are  sensitive  to  light  since  illumination  ionizes  deep  donor 
centers  and  increases  the  drain  current.  In  this  letter  the  first  observation  of  negative 
photoconductivity,  i.e.,  drain  current  decreasing  with  light,  will  be  reported.  The  current* 
voltage  characteristics  were  enhanced  by  shining  white  light  onto  the  devices  showing  negative 
photoconductivity. 


In  this  letter  we  report  an  interesting  phenomenon  in 
high  electron  mobility  transistors.  Negative  photoconduc¬ 
tivity  due  to  white  light  illumination  has  been  observed.  In 
addition  to  possible  device  applications,  this  yields  impor¬ 
tant  information  on  the  electronic  confinement  in  these  de¬ 
vices.  GaAs-AlxGa,  _  x  As  structures  have  been  of  intense 
interest  recently  because  of  their  high  electron  mobilities. 1-2 
In  this  structure  only  the  larger  band  gap  AlxGa,  _  x  As  is 
doped  with  a  donor,  and  the  GaAs  layer  is  left  undoped. 
Electrons  in  the  Al,Ga,  _  x  As,  having  a  larger  energy  than 
they  would  in  the  GaAs,  diffuse  into  GaAs  and  form  a  two- 
dimensional  electron  gas  (2DEG).  Since  the  electrons  and 
donors  are  spatially  separated,  ionized  impurity  scattering  is 
avoided,  and  extremely  high  electron  mobilities  can  be  ob¬ 
tained.  Field-effect  transistors  using  the  novel  properties  of 
the  2DEG  were  first  demonstrated  in  1980  by  Mimura  eta/.3 
who  called  this  device  the  high  electron  mobility  transistor 
(HEMT).  Since  then,  the  HEMT  has  been  the  focus  of  re¬ 
search  on  high-speed  and  high-frequency  semiconductor  de¬ 
vices. 

HEMTs  are  sensitive  to  light  over  a  broad  spectra]  re¬ 
gion.  It  has  been  reported  that  at  low  temperature  under 
white  light  illumination,  channel  carrier  concentration  in¬ 
creases.  After  this  illumination  is  removed,  the  photogener¬ 
ated  carrier  concentration  decays  to  a  level  that  is  still  higher 
than  that  at  dark  operating  condition.4"6  This  effect  is  called 
persistent  photoconductivity  (PPC).  Under  dark  operating 
condition,  the  low-temperature  current-voltage  characteris¬ 
tics  suffer  from  two  forms  of  degradation7,8:  ( 1 )  threshold 
shifts  and  ( 2 )  collapse  of  the  family  of  curves  near  the  origin 
(a  strong  sublinearity  at  low  drain  voltage).  It  is  proposed 
that  these  effects  are  mainly  caused  by  deep  donor  centers  in 
the  Al,Ga,  As  layers.  These  are  referred  to  as  DX 
centers9,10  which  may  in  fact  be  the  Si  donor  itself.  At 
x  =  0.3,  the  Si  donor  energy  level  is  about  50  meV  below  the 
conduction-band  edge."  Therefore,  in  the  highly  doped 
AlGaAs,  this  level  should  be  occupied  with  significant  elec¬ 
trons,  even  at  room  temperature. 

Besides  (i)  the  photogenerated  carriers  due  to  the  DX 
centers,  there  are  four  other  possible  mechanisms  with  illu¬ 
mination  (refer  Fig.  1):  (ii)  band-to-band  electron-hole 
generation  in  the  AlGaAs  layer,  ( iii )  band-to-band  electron- 
hole  generation  in  the  bulk  GaAs,  ( iv )  pumping  of  electrons 
from  gate  metal  into  the  AlGaAs  layer,  and  ( v )  pumping  of 


electrons  from  2DEG  channel  into  the  AlGaAs  layer  or  bulk 
GaAs.  All  of  the  mechanisms  except  (v)  make  the  conduc¬ 
tivity  increase.  In  this  letter  we  report  the  first  observation  of 
negative  photoconductivity  in  HEMTs  due  to  light,  which 
is  suggested  to  be  due  to  mechanism  (v). 

The  devices  used  in  this  work  are  the  enhancement-type 
HEMTs.  The  heterostructures  are  grown  on  a  semi-insulat¬ 
ing  GaAs  substrate  by  molecular  beam  epitaxy.  The  layer 
sequence  of  the  modulation-doped  structures  includes  an 
undoped  1-^m-thick  />~-GaAs  buffer  layer,  an  undoped 
Alo  jGao,  As  spacer  of  thickness  40  A,  a  Si-doped  400-A- 
thick  Aio.3  Gao  7  As  layer  with  a  doping  concentration 
2x  10'*  cm-3,  and  an  undoped  GaAs  cap  layer  with  thick¬ 
ness  of 400  A.  The  heterostructures  are  then  fabricated  into 
the  normal-off  field-effect  transistors.  Illumination  is  pro¬ 
vided  by  1  W  wheat  grain  light  bulbs  located  about  1  cm 
from  the  devices.  Light  and  dark  current-voltage  character¬ 
istics  are  measured.  The  devices  that  we  measured  do  not 
have  PPC  effect. 

Figure  2(a)  shows  the  dark  and  light  current-voltage 
characteristics  with  gate  length  100 /rm  and  width  200 /xm 
(FAT  HEMT)  at  temperature  77  K.  At  low  drain  voltages, 
the  drain  curent  with  the  light  on  is  smaller  than  the  dark 
current  at  the  same  bias.  This  is  contrary  to  the  predicted 
current  behavior  caused  by  the  DX  centers.  As  the  drain 
voltage  increases  high  enough,  the  light  response  of  the  drain 
currents  returns  to  that  usually  expected;  the  light  currents 
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FIG.  I.  B«nd  diagram  of  A!GsAs-G»As  heterostruclure  in  the  2DEGcon- 
irol  regime  by  ■  Schottky  gate. 
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FIG.  2.  (>)  Dark  and  light  current-voltage  characteristics  of  the  tong  chan¬ 
nel  HEMT  at  77  K.  (b)  Dark  and  light  drain  cairent/0  and  gate  current  lc 
as  a  function  of  the  gate  voltage  Va  at  drain  voltage  VD  —  0.2  V. 

are  larger  than  the  dark  currents.  Figure  2(b)  shows  the 
dark  and  light  drain  current  1D  and  gate  current  IG  as  a 
function  of  gate  voltage  Vc  at  drain  voltage  VD  =  0.2  V. 
The  explanation  for  this  negative  photoconductivity  is  sug¬ 
gested  as  follows. 

Al,Ga,  _  M  As  is  transparent  for  the  photons  with  ener¬ 
gy  below  the  energy  gap  of  the  Al^Ga,  _M  As,  which  is  1.8eV 
for  x  =  0.3.  Some  of  the  electrons  in  the  2DEG  channel  can 
obtain  enough  energy  from  these  photons  and  jump  into  the 
AlGaAs  layer,  which  has  relatively  low  mobility,  or  into  the 
bulk  GaAs,  where  the  electric  field  is  relatively  low.  This 
effect  causes  the  electron  concentration  in  the  2DEG  chan¬ 
nel  to  decrease.  If  the  decrease  of  the  electron  concentration 
caused  by  this  effect  is  more  than  the  increase  of  the  electron 
concentration  caused  by  the  DX  centers  (the  major  mecha¬ 
nism  causes  2DEG  density  to  increase),  the  negative  photo¬ 
conductivities  will  be  observed.  Hence,  in  order  to  have  the 
negative  photoconductivity,  the  device  cannot  have  too 
many  DX  centers  in  the  AlGaAs  layer. 

As  the  drain  voltage  increases  further,  the  electric  field 
in  the  2DEG  channel  between  gate  and  drain  is  higher.  Most 
of  the  higher  energy  electrons  (due  to  the  light  absorption ) 
still  stay  in  the  2DEG  channel  and  are  swept  to  the  drain  to 
be  recorded  as  a  current.  Hence  the  light  current  is  larger 
than  the  dark  current. 
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The  negative  photoconductivity  is  also  observed  in  short 
channel  HEMT’s.  Figure  3  shows  the  dark  and  light  current- 
voltage  characteristics  of  a  device  with  gate  length  0. 5  /t  m  at 
room  temperature.  In  this  device  the  negative  photoconduc¬ 
tivities  are  observed  for  both  low  and  high  drain  voltages. 
The  channel  conductancesin  the  saturation  region  with  light 
on  are  smaller  than  that  with  light  off.  This  means  that  the 
current-voltage  characteristics  are  improved  by  providing 
light.  The  devices  showing  this  kind  of  negative  photocon¬ 
ductivity  are  expected  to  operate  at  higher  frequency  when 
illumination  is  available.  The  improved  channel  conduc¬ 
tance  can  be  explained  with  the  following  model:  Some  of  the 
high  field  electrons  under  the  gate  at  the  drain  end  get  suffi¬ 
cient  energy  and  are  promoted  into  the  AlGaAs  layer  or  bulk 
GaAs,  preventing  that  region  from  accumulating  more  elec¬ 
trons  to  build  a  higher  electric  field.  The  electric  field  under 
the  gate  end  at  the  drain  end  is  thus  kept  around  threshold 
value, 12  and  hence  the  drain  current  is  almost  constant  in  the 
saturation  region.  In  the  case  of  long  channel  HEMTs,  only 
a  small  part  of  the  2DEG  channel  under  the  gate  is  exposed 
to  light.  For  short  channel  HEMTs,  all  of  the  2DEG  chan¬ 
nel  under  the  gate  is  illuminated  because  of  light  diffraction. 
Therefore,  we  do  not  see  the  increasing  drain  current  at  high 
drain  voltage  due  to  light  as  that  observed  in  the  long  chan¬ 
nel  devices. 

To  help  establish  the  mechanisms  for  the  negative  pho¬ 
toconductivity  of  HEMTs,  we  have  performed  a  number  of 
optical  spectral  measurements.  When  the  devices  were  illu¬ 
minated  through  silicon  filters,  which  have  energy  gap  of 
1.12  eV  at  room  temperature,  the  negative  photoconductiv¬ 
ity  was  still  observed.  We  also  used  argon  (wavelength  5 145 
A),  tunable  dye  (5900-6200  A),  He-Ne  (6238  A),  and 
GaAs  diode  lasers  to  illuminate  the  devices.  The  negative 
photoconductivity  was  not  observed  in  these  measurements. 
For  the  argon,  dye,  and  He-Ne  lasers,  the  photon  energy  is 
larger  than  both  the  energy  gap  of  Al*,,  Gao  ,  As  and  GaAs, 
and  therefore  creates  electron-hole  pairs.  For  the  GaAs  di¬ 
ode  laser,  the  photon  energy  is  almost  the  same  as  the  energy 
gap  of  GaAs,  and  hence  the  effect  due  to  the  band-to-band 
electron-hole  generation  in  the  bulk  GaAs  is  also  very 
strong.  A  monochromator  with  a  tungsten  lamp  was  also 
used  to  measure  photoconductivity.  Negative  photoconduc- 
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FIG.  3.  Dark  and  light  current-voltage  characteristics  of  the  short  channel 
HEMT  at  room  temperature. 
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livity  was  only  observed  at  photon  energies  below  1.6  eV. 
Additional  spectral  analysis  as  well  as  response  time  measur- 
ments  is  now  in  progress  to  further  identify  the  mechanism 
of  negative  photoconductivity. 

In  conclusion,  negative  photoconductivities  have  been 
observed  in  high  electron  mobility  transistors.  To  observe 
this  effect,  the  amount  of  DX  centers  in  the  AlGaAs  layer 
must  be  significantly  small.  The  complete  explanation  to  the 
light  response  of  the  electrons  must  take  this  effect  into  ac¬ 
count  besides  the  effects  due  to  the  DX  centers.  The  channel 
conductance  and  frequency  response  can  be  improved  upon 
by  shining  light  onto  the  devices  showing  this  kind  of  nega¬ 
tive  photoconductivity.  In  addition,  this  effect  provides  a 
useful  criterion  to  determine  the  quality  of  HEMT’s. 

The  authors  would  like  to  thank  Jimmin  Chang  for  re¬ 
vising  and  proofreading  the  manuscript.  This  work  is  par¬ 
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Air  Force  Office  of  Scientific  Research. 
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The  photoconductivity  cyclotron  resonance  measurement  is  used  to  determine  the  effective 
masses  of  the  high  electron  mobility  transistor.  The  experimental  data  show  that  the  effective 
mass  is  a  function  of  the  gate  voltage. 


GaAs-Al.Ga,  ,  As  structures  have  been  of  intense  in¬ 
terest  because  of  their  high  electron  mobilities.1’2  In  these 
structures  only  the  larger  band-gap  AiGaAs  is  doped  with  a 
donor  and  the  GaAs  layer  is  left  undoped.  Electrons  in  the 
AiGaAs  having  a  larger  energy  than  they  would  in  the  GaAs 
diffuse  into  GaAs  and  form  a  two-dimensional  electron  gas 
(2DEG  ).  Since  the  electrons  and  donors  are  spatially  sepa¬ 
rated,  ionized  impurity  scattering  is  avoided  and  extremely 
high  electron  mobilities  can  be  obtained.  Field-effect  transis¬ 
tors  using  the  novel  properties  of  the  two-dimensional  elec¬ 
tron  gas  were  first  demonstrated  in  1980  by  Mimura  el  at.,3 
who  called  this  device  the  high  electron  mobility  transistors 
(HEMT).  Since  then  the  HEMT  has  been  the  focus  of  re¬ 
search  on  high-speed  and  high-frequency  semiconductor  de¬ 
vices. 

The  electron  effective  mass  is  an  important  parameter  in 
understanding  the  physical  properties  of  electrons  in  the 
2DEG  channel.  The  cyclotron  resonance  (CR)  measure¬ 
ment  is  a  technique  widely  applied  to  obtain  the  effective 
mass.  Both  the  far-infrared  transmission4-6  and  photocon¬ 
ductivity7*  can,  in  principle,  be  used  for  the  CR  measure¬ 
ment.  It  is  impractical  to  use  the  transmission  measurement 
for  a  HEMT  since  the  gate  metal  is  not  transparent  to  pho¬ 
tons.  Hence,  we  measure  the  photoconductivity  of  a  HEMT 
to  obtain  the  cyclotron  resonance. 

In  bulk  materials  the  measurement  of  the  photoconduc¬ 
tivity  via  the  magnetic  field  is  an  easy  and  sensitive  way  to 
study  the  cyclotron  resonance. v  "'  However,  in  the  two-di¬ 
mensional  systems  the  cyclotron  resonance  induced  signal  is 
usually  distorted  or  obscured  by  a  strong  magnetic  field  de¬ 
pendent  signal,  which  is  due  to  Shubnikov-de  Haas  oscilla¬ 
tions  (SdH).  The  Shubnikov-de  Haas  oscillations  are  the 
dominant  features  and  the  cyclotron  resonance  signal  only 
appears  as  a  small  modulation  of  the  oscillation  amplitude. 1 1 
Maan  el  a/.7  were  the  first  to  report  a  clear  signal  due  to  the 
cyclotron  resonance  in  the  measurement  of  photoconductiv¬ 
ity  of  a  modulation-doped  GaAs-AlGaAs  heterostructure. 
To  reduce  the  SdH  signal,  they  used  a  sample  with  low 
2DEG  concentration,  n ,  =  3.4 X  10"  cm-2.  Nevertheless, 
the  2DEG  density  and  the  effective  mass  are  fixed  for  a  given 
modulation-doped  GaAs-AIGaAs  heterostructure.  The 
channel  concentration  of  a  HEMT  can  be  varied  by  applying 
a  gate  voltage.  Of  course,  it  is  of  interest  to  study  the  effective 
masses  of  a  HEMT  subject  to  the  influence  of  a  gate  bias. 

The  heterostructure  is  grown  on  a  semi-insulating  GaAs 
substrate  by  the  molecular  beam  epitaxy.  The  typical  layer 
sequence  of  the  modulation-doped  structures  includes  an 


undoped  1-pm-thick  p  ~  -GaAs  buffer  layer,  an  undoped 
Alo  jGao  ,  As  spacer  of  thickness  40  A,  a  Si-doped  400-A- 
thick  Alo  jGao?  As  with  a  doping  concentration  10"  cm  "  \ 
and  an  undoped  GaAs  cap  layer  with  thickness  200  A. 
The  source  and  drain  ohmic  contact  material  is  Ni/88% 
Au/12%  Ge.  The  Ni-Au-Ge  is  evaporized  using  a  vacuum 
evaporator.  The  contacts  are  then  sintered  at  a  temperature 
of 450  *C  for  4  min  with  a  continuous  flow  of  nitrogen.  The 
GaAs  cap  layer  is  etched  off  using  NH40H-H202  solution 
with  pH  =  7  for  20  s.  Au  is  then  evaporated  for  the  gate 
Schottky  contact.  For  increasing  the  optical  signal  and  re¬ 
ducing  the  series  effect  of  the  source  and  drain  resistances, 
the  devices  used  in  this  work  are  the  long-channel  HEMT 
(FAT  HEMT).  Far-infrared  laser  beams  are  introduced  to 
illuminate  the  back  of  the  devices.  Because  the  GaAs  semi- 
insulating  substrate  and  buffer  layer  are  transparent  to  far 
infrared  (FIR),  we  can  observe  the  photoresponse  of  the 
2DEG  to  the  laser  beams  and  measure  the  cyclotron  reso¬ 
nance.  All  of  the  measurements  are  performed  at  liquid-heli¬ 
um  temperature,  4.2  K,  and  taken  in  the  linear  region  of  the 
current-voltage  characteristics. 

Figure  1  shows  the  output  current-voltage  characteris¬ 
tics  of  a  FAT  HEMT,  with  the  ratio  of  the  gate  length  to  gate 
width  2.  The  gate  voltage  dependence  of  the  2DEG  density, 
which  is  deduced  from  Shubnikov-de  Haas  measure¬ 
ments,  12  is  shown  in  Fig.  2.  There  is  a  sharp  turning  point  at 
Fc  =  0. 1  V.  This  is  due  to  the  incompletely  depleted 
AiGaAs  layer,' 2-1 2  and  hence  reduces  the  charge  control 
ability  of  the  gate  voltage.  Figure  3  shows  the  photoconduc¬ 
tivity  as  a  function  of  magnetic  field  for  the  gate  voltage  Vc 
—  0.4  V  at  the  laser  wavelength  1 18.8  pm.  A  clear  optical 


FIG.  I .  Output  current-voltage  characteristics  of  a  long-channel  high  elec¬ 
tron  mobility  transistor  at  4.2  K. 
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FIG.  2.  Two-dimensional  electron  density  as  a  function  of  the  gate  voltage. 


signal  due  to  the  cyclotron  resonance  has  been  observed.  For 
the  CR  measurements  under  other  gate  voltages,  we  ob¬ 
served  the  peaks  due  to  Shubnikov-de  Haas  oscillation, 
which  were  still  much  smaller  compared  to  the  peak  due  to 
the  cyclotron  resonance.  Figure  4  shows  the  CR  measure¬ 
ments  for  different  gate  voltages  VG  =  0.2,  0.4,  and  0.6  V. 
The  CR  measurements  for  a  bulk  GaAs  and  a  modulation- 
doped  GaAs/AlGaAs  structure  (no  gate  metal)  are  also 
shown  in  this  figure  for  comparison.  The  resonance  field  is  a 
function  of  the  gate  voltage,  as  shown  in  Fig.  5. 

The  electron  effective  mass  is  enhanced  by  applying  a 
magnetic  field.  Two  major  mechanisms  cause  the  effective 
mass  to  increase:  (i)  the  band  nonparabolicity  and  (ii)  the 
polaron  effect.  It  has  been  reported'' 14  that  the  enhancement 
of  the  effective  mass  due  to  the  polaron  effect  for  the  two- 
dimensional  electrons  at  the  GaAs-AIGaAs  interface  is  very 
small.  For  the  magnetic  field  B  <  10  T,  the  enhancement  of 
the  effective  mass  almost  can  be  predicted  by  the  band  non¬ 
parabolicity.  Hence  we  estimate  the  zero-field  effective  mass 
by  the  following  equation,15  which  is  corrected  by  the  band 
nonparabolicity: 

n* (0)  =  m*(B)  (  1  +  VI  -  Wo/Et  )/2, 


FIG.  4.  Cyclotron  resonance  measurements  for  a  high  electron  mobility 
transistor  under  different  gate  voltages,  a  bulk  GaAs,  and  a  modulation- 
doped  GaAs-AIGaAs  structure. 


where  m*(B)  =  qB/o  is  the  effective  mass  at  the  magnetic 
field  B,  q  is  the  electron  charge,  a  is  the  laser  angular  fre¬ 
quency,  h  is  the  Planck’s  constant,  =  h  /In,  and  Et  is  the 
energy  gap  ( 1 .52  eV  for  GaAs  at  0  K ) . 

Figure  5  also  shows  the  zero-field  effective  mass  as  a 
function  of  the  gate  voltage  by  using  the  correction  of  band 
nonparabolicity.  m0  is  the  free-electron  mass.  The  effective 
mass  has  a  higher  value  at  low  gate  voltage;  it  attains  a  mini¬ 
mum  at  the  gate  voltage  Vc  =  0.4  V  and  increases  as  the  gate 
voltage  increases  further.  A  possible  physical  explanation 
for  causing  the  change  of  the  effective  mass  with  the  gate 
voltage  is  suggested  as  follows. 

At  a  low  gate  voltage,  the  AlGaAs  layer  is  fully  depleted 
and  the  2DEG  density  is  low.  The  electrons  in  the  2DEG 
channel  are  scattered  by  a  Coulomb  force  due  to  remote  ion¬ 
ized  donors  in  the  AlGaAs  layer.  A  perturbation  term  due  to 
a  heavily  doped  AlGaAs  layer  should  be  added  into  the 
Hamiltonian.  This  results  in  a  higher  effective  mass.  As  the 
gate  voltage  increases,  the  2DEG  density  increases  and  the 
AlGaAs  layer  is  not  fully  depleted.  A  bulk  electron  layer 
exists  in  the  AlGaAs.  The  Coulomb  scattering  is  weakened 
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FIG  1  Photoconductivity  as  a  function  of  magnetic  field  at  the  gate  voltage  FIG  S.  Resonance  field  and  the  effective  mass  as  a  function  of  the  gate 
V,.  *  0.4  V.  The  unit  for  photoconductivity  is  an  arbitrary  unit.  voltage. 


by  the  high  2DEG  density  and  the  bulk  electrons  in  the 
AlGaAs.  Hence  the  2DEG  has  a  light  effective  mass.  As  the 
gate  voltage  increases  further,  the  2DEG  density  becomes 
higher.  The  quantized  energy  levels  of  the  2DEG  increase 
with  the  density  £,  (j  =  0,1,...)  =  ry  (»,  )2/V6  where  n ,  is 
the  2DEG  density  and  ry  the  proportional  C'  .stant.  As  a 
result,  Ej  is  higher  for  a  higher  gate  voltage.  Therefore,  ac¬ 
cording  to  the  theory  of  the  band  nonparabolicity,  the  two- 
dimensional  electrons  have  a  higher  effective  mass. 

Note  that  the  Landau  level  filling  factor  also  has  an  ef¬ 
fect  on  the  resonance  field  of  the  2DEG.17  The  resonance 
field  shifts  to  a  lower  value  as  the  filling  factor  is  reduced  to 
be  less  than  1.  However,  this  effect  is  not  applicable  to  the 
data  in  Fig.  5  because  the  filling  factors  obtained  from  Fig.  2 
are  larger  than  2. 

We  also  measured  the  cyclotron  resonances  using  other 
wavelengths:  184.3,  393.6,  and  432.6  fjm.  These  cyclotron 
resonance  induced  signals  are  smaller  compared  to  the  sig¬ 
nals  due  to  Shubnikov-de  Haas  oscillations.  The  Shubni- 
kov-de  Haas  oscillations  are  the  dominant  features  in  these 
measurements. 

In  conclusion,  we  have  succeeded  in  measuring  the  cy¬ 
clotron  resonance  of  the  high  electron  mobility  transistor. 
The  effective  mass  is  a  function  of  the  gate  voltage. 

This  work  was  partially  supported  by  the  Office  of  Na¬ 
val  Research  and  by  the  Air  Force  of  Scientific  Research. 
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Shubnikov-de  Haas  oscillations  and  geometrical  magnetoresistance  measurements  are  used  to 
determine  the  two  most  important  parameters,  channel  concentration  and  mobility, 
respectively,  for  high  electron  mobility  transistors.  To  deduce  useful  data  from  measurements, 
the  theory  of  the  Shubnikov-de  Haas  oscillation  for  the  two-dimensional  electrons  is  derived 
and  discussed  in  detail.  The  experimental  data  for  the  channel  concentration  as  a  function  of 
gate  voltage  is  used  to  check  the  accuracy  of  the  charge-control  law.  We  also  derive  a  simple 
formula  of  the  geometrical  magnetoresistance  to  calculate  the  mobility  for  any  aspect  ratio. 

The  concentration  and  mobility  deduced  from  the  Shubnikov-de  Haas  and  geometrical 
magnetoresistance  measurements  give  us  insight  on  the  nature  and  properties  of  the  devices. 

The  experimental  data  shows  that  the  impurity  scattering  is  the  dominant  mechanism  for  the 
low  channel  concentration.  The  maximum  transconductance  occurs  at  a  compromise  between 
the  charge-control  ability  of  the  gate  voltage  and  the  channel  mobility.  Near  the  cutoff  region 
the  decrease  of  the  conductivity  is  due  to  the  decrease  of  both  the  channel  concentration  and 
the  mobility. 


I.  INTRODUCTION 

GaAs-AIjGa,  _  x  As  modulation-doped  structures  have 
been  of  intense  interest  because  of  their  high  electron  mobili¬ 
ties.  u  In  these  structures  only  the  larger  band  gap 
Al^Ga,  _,As  is  doped  with  a  donor  and  the  GaAs  layer  is 
left  undoped.  Electrons  in  the  Al^Ga,  .,As  having  a  larger 
energy  than  they  would  in  the  GaAs  diffuse  into  GaAs  and 
form  a  two-dimensional  electron  gas  (2DEG).  Since  the 
electrons  and  donors  are  spatially  separated,  ionized  impuri¬ 
ty  scattering  is  avoided  and  extremely  high  electron  mobili¬ 
ties  can  be  obtained.  Field-effect  transistors  using  the  novel 
properties  of  the  two-dimensional  electron  gas  were  first 
demonstrated  in  1980  by  Mimura  et  al.3  who  called  this  de¬ 
vice  the  high  electron  mobility  transistor  (HEMT).  Since 
then  the  HEMT  has  been  the  focus  of  research  on  high-speed 
and  high-frequency  semiconductor  devices. 

For  design  purposes  and  insight  on  the  nature  of  device 
operation  or  structure,  characterization  is  an  important  and 
integral  part  of  the  study  of  semiconductor  devices.  The  car¬ 
rier  concentration  and  mobility  are  the  two  most  important 
factors  determining  the  device  performance.  They  are  usual¬ 
ly  measured  by  the  Hall-effect  technique  together  with  gated 
van  der  Pauw  structures.4-6  However,  this  approach  is  com¬ 
plicated  by  requiring  special  test  patterns.  It  is,  of  course, 
desirable  to  measure  these  quantities  on  the  device  itself 
rather  than  on  a  special  test  structure.  The  Shubnikov-de 
Haas  (SdH)  oscillation  of  magnetoresistance7"10  together 
with  geometrical  magnetoresistance  (GMR) 1 1-14  are  ideally 
suited  for  measuring  carrier  concentration  and  mobility.  No 
special  test  pattern  is  necessary  in  these  measurements. 

The  SdH  oscillations  have  been  widely  applied  to  mea¬ 
sure  the  two-dimensional  electron  concentration  of  modula¬ 
tion-doped  AlGaAs/GaAs  heterostructures.7  8  Chou,  An- 
toniadis,  and  Smith"1  are  the  first  to  use  SdH  oscillations  to 


measure  2DEG  channel  concentration  as  a  function  of  gate 
voltage  for  HEMTs.  They  used  the  theory  developed  for  the 
bulk  electrons  (three-dimensional  electrons)  to  calculate 
the  two-dimensional  electron  concentration.  The  charge- 
control  law, 15  shown  as  the  following  equation,  is  assumed  to 
be  an  accurate  formula  to  derive  the  gate-to-channel  capaci¬ 
tance: 

n,  =  (C/q)(VG-VT),  (1) 

where  n,  is  the  2DEG  density,  C  the  gate-to-channel  capaci¬ 
tance,  Vc  the  gate  voltage,  and  VT  the  threshold  voltage. 
However,  the  properties  of  the  two-dimensional  electrons 
are  quite  different  from  that  of  three-dimensional  electrons. 
The  two-dimensional  electrons  are  confined  at  the  GaAs- 
AlGaAs  heterointerface  and  are  quantized  due  to  the  poten¬ 
tial  well.  The  charge-control  law  ( 1 )  is  derived  with  assump¬ 
tions, 16-18  and  hence  it  is  only  an  approximate  relation.  To 
deduce  useful  data  from  the  SdH  measurement,  it  is  neces¬ 
sary  to  understand  the  basic  theory  of  the  SdH  oscillation  for 
the  two-dimensional  electrons.  Our  experimental  data  show 
that  SdH  oscillations  consist  of  two  oscillating  periods, 
which  correspond  to  the  electron  concentration  at  the  two 
lowest  subbands.  The  electron  concentration  due  to  the  sec¬ 
ond  subband  cannot  be  neglected.  The  charge-control  law 
( 1 )  is  only  an  approximate  formula. 

Beside  the  electron  concentration,  the  electron  mobility 
is  the  other  important  parameter  for  determining  the  device 
performance.  To  deduce  mobility  from  C-Flv  or  van  der 
Pauw1'  6  measurements  we  need  to  know  the  electron  con¬ 
centration  or  related  parameters.  The  GMR  measurement 
to  calculate  the  electron  mobility  has  the  merit  that  it  is  inde¬ 
pendent  of  the  electron  concentration.  We  do  not  need  to 
know  the  concentration  to  determine  the  mobility.  The  SdH 
measurement  combined  with  the  GMR  measurement  can 
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provide  the  characterization  of  HEMTs  and  insight  on  the 
nature  of  the  devices  because  these  two  measurements  do  not 
depend  on  each  other. 

The  basic  theory  for  the  GMR  measurement  h«s  been 
developed  by  Lippmann  and  Kuhrt. 20-21  They  derived  a  sim¬ 
ple  formula  of  the  GMR  for  the  aspect  ratio  less  than  0.3  or 
larger  than  1.  However,  there  is  no  simple  formula  available 
for  the  aspect  ratio  between  0.3  and  1,  which  is  an  important 
range  in  fabricating  a  long  channel  device  for  characteriza¬ 
tion.  We  will  follow  the  theory  developed  in  Refs.  20  and  21 
to  derive  a  simple  formula  for  any  aspect  ratio,  especially  for 
the  ratio  between  0.3  and  1.  We  obtain  the  drift  mobility  and 
GMR  mobility  versus  the  gate  voltage  from  the  SdH  and 
GMR  measurements,  respectively.  This  enables  us  to  under¬ 
stand  the  scattering  mechanisms.  Combining  the  SdH  and 
GMR  measurements  also  gives  us  insight  into  the  device 
physics  and  performance.  It  is  generally  accepted  that  the 
maximum  transconductance  occurs  at  the  gate  voltage  to 
turning  on  the  AlGaAs  layer  to  conduct.  The  experimental 
data  show  that  the  maximum  transconductance  occurs  at  a 
higher  gate  voltage  due  to  the  screening  effect  of  electrons  in 
the  AlGaAs.  In  addition,  the  data  also  make  the  mechanism 
clear  for  the  operating  point  at  near  the  cutoff  region. 

In  this  paper,  we  will  first  use  a  simple  method  to  derive 
the  basic  theory  and  formula  of  the  SdH  oscillation  for  the 
two-dimensional  electron  gas.  Next,  we  derive  a  simple  for¬ 
mula  of  the  GMR  for  any  aspect  ratio.  Finally,  we  show  and 
discuss  the  experimental  data.  Because  the  SdH  oscillation 
must  be  measured  at  low  temperature,  both  the  SdH  and 
GMR  measurements  were  done  at  liquid-helium  tempera¬ 
ture,  which  is  4.2  K,  for  comparison.  All  of  the  measure¬ 
ments  are  taken  in  the  linear  region  of  the  output  current- 
voltage  characteristics.  For  reducing  the  series  effect  of  the 
source  and  drain  resistances,  the  devices  used  in  this  work 
are  long  channel  HEMTs  (FAT  HEMT). 


II.  SHUBNIKOV-de  HAAS  OSCILLATIONS 

Figure  1  shows  the  band  diagram  of  the  heterostucture 
submitted  to  the  influence  of  a  Schottky  gate  in  contact  with 
the  larger  gap  semiconductor.  The  two-dimensional  elec¬ 
trons  are  confined  at  the  heterointerface  of  AlGaAs  and 
GaAs.  The  electron  energies  are  quantized  along  the  z  direc¬ 
tion,  which  is  perpendicular  to  the  heterointerface,  due  to 
the  potential  well  at  the  heterointerface: 


E-Ej  +  tf/im'Hk*  +  *2),  j  =  0,1,2,...,  (2) 

where  /t  =  h  /2i r,  h  the  Planck  constant,  m*  the  effective 
mass,  k x  and  ky  the  x  and  y  components  of  the  wave  vector, 
respectively,  and  Et  the  quantized  energy  along  the  z  direc¬ 
tion.  Using  the  triangular-potential-well  approximation  and 
solving  the  Schrodinger  equation,  El  is  approximated  by22 


y»  o,i,2„... 


(3) 


The  energy-band  structure  is  shown  in  Fig.  2.  The  energy 
along  the  z  direction  is  quantized. 

When  a  magnetic  field  B  is  applied  normal  to  the  elec¬ 
tron  conduction  plane  of  a  HEMT,  the  electron  energy  is 
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FIG.  1.  Band  diagram  of  the  AIGaAs-GaAs  heterostructure  submitted  to 
the  influence  of  a  Schottky  gate  in  contact  with  the  larger  gap  semiconduc¬ 
tor. 


completely  quantized.  Neglecting  the  spin  effect  the  quan¬ 
tized  energy  is22 

EJp=EJ+Ep,  (4) 

where 

Ep  -  (p  +  \)ftu)c,  p  =  0,1,2,...  (5a) 

and 

o>c  =  gB/m*.  (5b) 

The  quantized  energy  Ep  is  due  to  magnetic  field  quantiza¬ 
tion  and  is  called  Landau  quantization.  The  quantized  ener¬ 
gy  levels  due  to  magnetic  field  are  called  Landau  levels.  ac  is 
called  the  cyclotron  frequency. 

In  Landau  quantization,  the  density  of  states  of  elec¬ 
trons  confined  to  a  two-dimensional  plane  is  no  longer  con¬ 
stant  with  energy.  The  density  of  states  for  the /th  subband  is 
given  by22 

Z>,(£)=M.  £  *£-£*),  (6) 

n  JP 

where  8  denotes  the  Dirac  delta  function,  and  the  factor  2  is 


E 


FIG.  2.  Energy-band  struc¬ 
ture  for  the  two-dimension¬ 
al  electron  gas.  The  energy 
is  quantized  along  the  z  di¬ 
rection. 
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I  FIG.  3.  Density  of  states 

for  Landau  quantization. 

(a)  Delta-like  singularities. 

(b)  Damped  and  broad¬ 
ened  density  of  states  due  to 
scattering.  Assume  that  at 
magnetic  field  B,  the 
( p,  +  1  )-th  Landau  level 

E  is  lined  up  with  the  Fermi 
Epj*(P|* l«vel  (c)  B1  is  the  next 
tb)  higher  magnetic  field  such 

that  F,-th  Landau  level  is 
lined  up  with  the  Fermi  lev- 


tc> 


due  to  spin  consideration.  The  density  of  state  is  therefore 
characterized  by  periodic  and  delta-like  singularities,  as 
shown  in  Fig.  3(a).  However,  in  real  systems  the  density  of 
states  is  not  singular.  Due  to  scattering,  the  singularities  are 
damped  and  broadened,  as  depicted  in  Fig.  3(b). 

Because  of  the  periodic  character  of  the  density  of  states, 
the  channel  conductance  versus  magnetic  field  has  an  oscil¬ 
lation.  This  is  because  the  conductivity  depends  on  the  num¬ 
ber  of  available  states  nearby  in  energy  that  electrons  can 
scatter  into.  The  conductance  has  a  maximum  as  the  Fermi 
level  and  a  Landau  level  are  lined  up  because  the  density  of 
states  has  a  maximum  at  each  Landau  level  and  hence  the 
whole  system  energy  has  a  maximum.  Correspondingly,  the 
conductance  dips  when  the  Fermi  level  is  between  two  adja¬ 
cent  Landau  levels. 

Define  the yth  subband  Fermi  energy  E^  as  follows: 

r  Dj(E)AE)dE,  (7) 

Je, 

where  n,  is  the  concentration  of  electrons  belonging  to  the /th 
subband,  and  f(E)  is  the  Fermi-Dirac  distribution  function: 

f(E)  —  l/[  1  +  exp(£  —  Erj)/kT)].  (8) 

At  low  temperature,  for  example,  liquid-helium  tempera¬ 
ture,  &7~0,  the  Fermi-Dirac  function /(E)  =  1  if  E<  EFJ, 
f(E)  =  1/2  if  2?  =  Erj,  and  /(E)  =  0  if  E>EFj.  Note  that 
EFj  is  different  from  the  Fermi  energy  of  the  whole  system, 
Er.  EFj  defined  in  (7)  and  (8)  is  the  yth  subband  Fermi 
energy.  The  Fermi  energy  EFj  is  independent  of  magnetic 
field.  To  derive  an  expression  f otEFj,  for  convenience  we  can 
assume  that  the  Fermi  level  EFj  is  lined  up  with  a  Landau 
level,  as  shown  in  Fig.  3(a).  Using  £,  as  a  reference  energy, 


i.e.,  Ej  =  0,  it  is  easy  to  obtain  the  following  equation  by  Fig. 
3(a): 

EFj  -{P  +  (9) 

Substituting  (6)  and  (8)  into  (7)  yields 

n/  =  (2qB/h)(p  +  {),  (10) 

where  the  factor  1/2  is  due  to  f(EFj )  =  1/2.  Recalling 
=  qB/m *  and  substituting  ( 10)  into  (9)  yields 

Efj  =  tijh  2/4j rm*.  (11) 

As  seen  from  (11),  the  Fermi  energy  EFJ  is  independent  of 
magnetic  field  B. 

To  derive  the  concentration  versus  oscillation  period, 
referring  to  Figs.  3(b)  and  3(c),  assume  that  at  magnetic 
field  B ,  the  (p,  +  1  )-th  Landau  level  is  lined  up  with  the 
Fermi  level  EFj. 

EFj  =  (p,  +  (12) 

where  co,  =  qB/m*.  Suppose  that  B2  is  the  next  higher  mag¬ 
netic  field  such  that  itsy>,-th  Landau  level  is  lined  up  with  the 
Fermi  level  En  again.  Hence 

EFj  ~(P\~  J)fc»2.  (13) 

where  eo2  =  qB2/m*. 

Combining  ( 1 1 ),  ( 12),  and  ( 13),  we  obtain  the  oscilla¬ 
tion  period 


The  concentration  n,  is  therefore 

rtj  =  (lq/h)[\/E(\/B)] 

=  4.836 X  10,o(T- 1  cm’2)  [  1/A(  1/2?) ]  ,  (15) 

where  T  (tesla)  is  the  unit  of  the  magnetic  field  B.  The  peri¬ 
od  A(1  /B)  is  determined  by  the  oscillation  period  of  the 
resistance  versus  1/2).  Equation  ( 15)  is  used  for  calculating 
the  electron  concentration  in  Shubnikov-de  Haas  measure¬ 
ments.  Because  the  lowest  two  subbands  are  dominant  for 
electrons,  two  oscillation  periods  corresponding  to  these  two 
subbands  are  possibly  observed. 

Besides  the  channel  conductance,  the  transconductance 
or  drain  current  can  be  made  to  oscillate  with  respect  to  gate 
voltage  with  constant  drain  voltage  under  fixed  magnetic 
field.  Because  the  Landau  level  spacing  is  constant,  the  drain 
current  or  transconductance  can  be  made  to  oscillate  by 
varying  the  gate  voltage  to  move  the  Fermi  level  to  pass  the 
discrete  Landau  levels. 10  The  number  of  states  per  unit  area 
in  each  Landau  level,  according  to  (6),  is  2 qB/h.  At  low 
temperature,  for  levels  below  Fermi  energy  EFj  the  occupied 
probability  is  1 .  Hence  the  number  of  electrons  per  unit  area, 
njp,  in  a  Landau  level  which  is  below  the  Fermi  level  EFj  is 

njp=2qB/h.  (16) 

For  a  constant  magnetic  field,  the  Landau  level  spacing  is 
fixed.  Assume  that  at  gate  voltage  Vc ,  the  Fermi  level  EFj  is 
lined  up  with  a  Landau  level,  and  at  the  next  higher  gate 
voltage  VG2  the  Fermi  level  moves  up  to  line  up  with  the  next 
higher  Landau  level.  From  ( 16),  the  increase  of  the  concen¬ 
tration,  An,,  due  to  the  increase  of  the  gate  voltage, 
AFC  =  VC2  -  VGI,  is 
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bnj=2qB/h.  (17) 

For  useful  application,  we  need  to  know  the  relationship 
between  A  Vc  and  A uy .  For  convenience,  rewrite  the  charge- 
control  law  ( 1 )  as  follows: 

ns  =  (C/q)(VG  -  Fr),  (18) 

where  VT  is  the  threshold  voltage,  C  =  q2e2/(q2d  +  e2a),  e2 
the  permittivity  of  the  AlGaAs,  d  the  total  thickness  of  the 
AlGaAs  layer,  anda  =  0.125X  10“ 12  eV  cm2."* 

The  concentration  of  the  lowest  subband,  tt„,  is  the  most 
sensitive  to  the  gate  voltage  Vc.  Neglecting  the  contribution 
due  to  the  higher  subband  and  combining  (17)  and  (18), 
one  obtains 

C=(2q2/h)(B/ AKC) 

=  7.75x  10_<>(F  V  cm_2T_l)(B/AFc).  (19) 

Therefore,  SdH  measurements  can  be  applied  to  esti¬ 

mate  the  capacitance  C  and  the  thickness  of  AlGaAs  layer  d. 

Unfortunately,  this  is  not  an  accurate  formula  for  the 
following  two  reasons:  first,  the  electrons  in  the  higher  sub¬ 
band  have  been  neglected  in  deriving  ( 19 ) ;  second,  the  chan¬ 
nel  carrier  density  expressed  by  ( 18)  is  derived  with  assump¬ 
tions,  and  hence  it  is  only  an  approximate  formula.  We  have 
measured  the  oscillations  of  the  resistance  versus  magnetic 
field  to  determine  the  electron  concentration  as  a  function  of 
gate  voltage.  The  experimental  data  will  be  shown  in  Sec.  IV. 
The  data  show  that  we  cannot  neglect  the  concentration  in 
the  second  lowest  subband  n,  and  n0  vs  Vc  is  not  linear 
dependent.  The  charge-control  law  is  only  an  approximate 
relation.  Hence,  it  may  cause  a  serious  error  if  we  use  ( 1 9 )  to 
determine  the  gate  capacitance  C  and  the  thickness  of  the 
AlGaAs  layer  d. 


III.  GEOMETRICAL  MAGNETORESISTANCE 

Shown  in  Fig.  4(a)  is  a  long  and  thin  rectangular  bar, 
the  conventional  Hall  plate,  with  an  applied  transverse  mag¬ 
netic  field.  If  the  electronic  conduction  process  is  due  to  a 
single  band  of  carrier  and  is  isotropic,  and  if  the  scattering  is 
independent  of  energy,  then  the  Lorentz  force  on  the  carriers 
is  exactly  balanced  by  the  Hall  electric  field  developed  across 
the  bar.  In  this  case,  the  current  flows  directly  down  the 
length  of  the  bar  and  the  electric  field  is  oriented  at  the  Hall 
angle  dH  relative  to  this  direction,  as  shown  in  Fig.  4(a).  The 
resistivity  p{B)  measured  in  the  presence  of  the  magnetic 
field  B  will  be  the  same  as  the  resistivity  p{0)  measured  with 
no  magnetic  field  applied.  Thus,  for  this  ideal  case,  the  Hall 
plate  will  show  no  magnetoresistance. 

In  practice,  however,  p(B)  is  different  from p(0),  usual¬ 
ly  larger.  This  increased  resistivity  in  the  presence  of  the 
magnetic  has  been  called  physical  magnetoresistance 
(PMR)  and  occurs  if  the  conduction  processes  are  aniso¬ 
tropic,  the  conduction  involves  more  than  one  type  of  car¬ 
rier,  or  the  scattering  is  energy  dependent.  PMR  arises  be¬ 
cause  the  Hall  field  can  only  compensate  the  average 
Lorentz  force  of  the  carriers.  So  in  a  real  semiconductor 
many  carries  will  be  over  or  under  compensated  resulting  in 
an  increase  in  the  observed  resistivity. 

If,  instead  of  a  long  bar,  we  have  a  thin  plate  with  metal- 


n 

FIG.  4  Sample  geometries 
(a)  Long  and  thin  rectan¬ 
gular  bar.  (b)  Short  and  in¬ 
finitely  wide  diode,  (c)  Fi¬ 
nite  diode. 


hH 

(C) 


lie  contacts  on  the  large  faces  as  shown  in  Fig.  4(b),  the  Hall 
field  set  up  by  the  transverse  field  B  is  shorted  out  by  the 
contacts.  The  Lorentz  force  acting  on  the  carriers  is  no  long¬ 
er  compensated.  The  average  carriers  move  at  a  Hall  angle 
with  respect  to  the  applied  electric  field.  The  electric  field  is 
directed  across  the  sample,  and  the  resulting  current  thus 
flows  at  the  Hall  angle  as  shown  in  Fig.  4(b).  In  this  case,  a 
magnetoresistance  will  be  observed  even  if  the  material  ex¬ 
hibits  no  PMR.  This  effect  is  called  geometrical  magnetore¬ 
sistance  (GMR).  Its  existence  is  due  to  solely  the  boundary 
conditions  of  the  problem.  Of  course,  if  physical  magnetore¬ 
sistance  is  present,  the  total  observed  magnetoresistance  will 
be  a  combination  of  the  physical  and  geometrical  effects.  In 
many  cases,  however,  the  PMR  is  much  smaller  effect  than 
the  GMR.  In  GaAs,  for  example,  at  room  temperature,  and 
in  a  magnetic  field  of  1  T,  the  PMR  is  about  2%  and  the 
GMR  about  50%. 

The  theory  for  GMR  has  been  developed  in  the  text 
book.23  The  resistance  for  a  thin  plate,  shown  in  Fig  4(b), 
with  an  applied  magnetic  field  B  is  given  by 

R(B)  =/?(0)(l  +ay„B2),  (20) 

where  R( 0)  is  the  sample  resistance  with  no  magnetic  field 
applied,  p.H  the  Hall  mobility,  and  a  a  parameter  which  de¬ 
pends  on  the  details  of  the  scattering  mechanisms. 

Since  a  is  the  quantity  which  relates  the  Hall  mobility  to 
the  magnetoresistance,  it  is  essential  that  this  constant  be 
determined.  Calculations  of  a  for  several  idealized  types  of 
scattering  show  the  following  results: 


'  1 .00,  constant  relaxation  time 
approximation 
1.13,  lattice  scattering 
.1.25,  ionized  impurity  scattering. 

Define  the  GMR  mobility  as  follows: 

dc=<*pH.  (22) 

The  resistance  as  a  function  of  magnetic  field  becomes 
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R(B)  =  R(0) ( 1  +  fi2GB2).  (23)  resistance.  Lippmann  and  K.uhrt 20,21  have  calculated  this 

kind  of  resistance.  Neglecting  physical  magnetoresistance 
This  equation  is  good  for  an  infinitely  wide  diode  only.  For  a  which  is  a  very  small  effect  in  the  two-dimensional  system, 

finite  diode.  Fig.  4(c),  the  transverse  current  must  be  col-  for  a  small  applied  field  B  such  that  tan  (ficB)  the 

lected  by  the  contacts  and  so  will  influence  the  measured  resistance  as  a  function  of  magnetic  field  is 

_ I 


'Yf,l'm2/KU')]  for  —  >1, 

D/nv  \+M2oB2[ir/AK(t'))  e  L  , 

R(0) - - — — - - — - -  for  — <  1, 

(1  -\n2cB2){\  +  fi2GB2{0A263/K(t)]  Z 


(24) 


where  L  is  the  sample  length,  Z  the  sample  width,  and  K(  t ) 
is  an  elliptic  integral  defined  as24 

Ktn-C - " - 

Jo  V(T-/l2)(i  -t2A2) 

=t[1+(t)v+(tt)v 

In  ( 24 ) ,  t  and  t '  are  the  parameters  determined  by  the  aspect 
ratio  L  /Z, 


L/Z  =  K{t')/2K(t)  (26) 

and 


t2  +  f'2=l.  (27) 

Using  the  Taylor  expansion,  1/(1  +  ,x)~l  —  x,  and 
neglecting  the  high-order  terms,  (24)  becomes 


*(0) 

1  + 

fi 

— —~r - F 

0.4263' 

1/4*’] 

l  2 

4 K{t) 

AT(f')> 

for  L/Z>  1, 

R(.  0) 

1+1 

f  1 

+  ~~r~ 

0.4263' 

1/4*’] 

(2 

4  K(t') 

K(t) 

k 

for  L/Z 

<1. 

(28) 

ForL/Z>l,  K(k,)7zn/2.  Using  (26),  we  have 

R(B)=R{ 0)  [1  +  0.543(2. /Z)fx2cB 2 ]  for  L/Z>  1. 

(29) 

If  L  /Z<  0.3,  A'(r')~7r/2  (see  Table  I).  Substituting 
(26)  into  (29)  yields 


TABLE  I  ■  l,  K(t).  K(t'),  and  I,  as  a  function  of  the  aspect  ratio. 


L/Z 

/ 

K(t) 

K(t) 

1, 

0.2 

0.997 

3.933 

1.573 

0.891 

0.3 

0.958 

2.674 

1.604 

0.830 

0.4 

0.854 

2. 121 

1.697 

0.762 

0.5 

0.707 

1.854 

1.854 

0.694 

06 

0.556 

1.719 

2.063 

0.633 

0.7 

0423 

1.649 

2.309 

0.582 

0.8 

0  316 

t  612 

2.580 

0  540 

0.9 

0.233 

1  593 

2.867 

0.506 

R(B)  =JR(0){1  +  [1  -OMHL/Z))fi2cB2} 


for  L/Z<  0.3. 


(30) 


For  aspect  ratio  L  /Z  between  0.3  and  1.0,  there  is  no 
simple  formula  available.  Table  I  shows  the  t,  t ',  K(t),  and 
K(t')  as  a  function  of  the  aspect  ratio  L/Z.  We  can  use  this 
table  to  calculate  R(B).  Summarizing  (28),  (29),  and  (30), 
we  have  the  following  formula  for  calculating  the  GMR  mo¬ 
bility  fic: 

f0.543(Z.  /Z)fiGB2,  L/Z>1, 


KB)  = 


lzfi2cB2,  0.3  <Z. /Z<  1  (using  Table  I), 
[1  -  (0.543(L/Z)KH2,  L/Z <0.3, 


(31) 


where 


r(2?)  =  [/?(*)/R(0)]-l  (32) 


is  the  normalized  magnetoresistance,  and 


1  n  0.4263 

2+  4tf(r')  K(t) 


(33) 


is  a  constant  determined  by  the  aspect  ratio  L  /Z.  I,  as  a 
function  of  the  aspect  ratio  L  /Z  is  also  listed  in  Table  I.  We 
can  determine from  the  slope  of  r  vs  B 2  and  the  zero-field 
resistance  R  (0). 

The  geometrical  magnetoresistance  measurement  to  de¬ 
termine  the  mobility  has  the  merit  that  it  is  independent  of 
the  electron  concentration.  We  do  not  need  to  know  the  con¬ 
centration  to  determine  the  mobility.  The  GMR  mobility  /i  c 
is  very  close  to  the  Hall  mobility.  GMR  measurements  com¬ 
bined  with  SdH  measurements  can  provide  the  characteriza¬ 
tion  of  HEMTs  and  insight  on  the  nature  of  the  devices  be¬ 
cause  these  two  measurements  do  not  depend  on  each  other. 

On  the  other  hand,  if  we  know  the  electron  concentra¬ 
tion  from  SdH  measurements,  we  can  obtain  the  drift  mobil¬ 
ity^,,  instead  of  the  GMR  mobility  /ic  or  the  Hall  mobility 

by  measuring  the  zero-field  resistance  R(0).  Hence,  we 
can  compare  the  parameters  y.D  and  /ic,  or  calculate  the 
ratio  t0  determine  which  scattering  mechanism  is 

dominant. 

The  drain  current  for  a  HEMT  in  the  linear  region  of  the 
output  current-voltage  characteristics  is  given  by” 


/„  =  qn,ZfinK, 


(33) 


where  c  is  the  electric  field.  Using  c  =  dV /dx.  integrating 
(33)  from  x  —  0  to  x  =  L  and  neglecting  the  series  source 
and  drain  resistances,  one  obtains 
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HD  =  (L/Z)(\/qn,R),  (34) 

where  R  =  V D/ 1 D,  VD  the  drain  voltage,  and  lD  the  drain 
current.  Using  this  equation,  we  can  determine  the  drift  mo¬ 
bility  if  the  electron  concentration  is  known,  for  example, 
from  Shubnikov-de  Haas  measurements.  We  will  compare 
the  drift  mobility  nD  to  the  GMR  mobility  fic  to  determine 
the  scattering  mechanisms. 

IV.  EXPERIMENTS  AND  DISCUSSION 

Figure  5(a)  shows  the  typical  resistance  as  a  function  of 
magnetic  field  for  a  modulation-doped  AlGaAs/GaAs  het¬ 
erostructure,  sample  No.  SI.  As  predicted  from  the  theory  of 
the  Shubnikov-de  Haas  oscillation,  we  can  see  the  resistance 
oscillates  as  the  magnetic  field  changes.  From  the  oscillation 
peaks,  we  can  calculate  the  oscillation  period  A(1  /B), 
which  is  then  used  for  estimating  the  electron  concentration 
by  ( 1 5 ) .  However,  this  R-B  curve  only  provides  the  informa¬ 
tion  for  the  lowest  subband.  To  observe  the  second  oscilla¬ 
tion  period,  one  must  take  the  first  or  second  derivative  of  R 
with  respect  to  B,  as  shown  in  Figs.  5(b)  and  5(c),  respec¬ 
tively.  It  is  obvious  that  d  2R  /dB 2  vs  B  in  Fig.  5(c)  has  two 


oscillation  periods.  One  is  the  same  period  as  that  of  Fig. 
5(a);  the  other,  which  is  marked  by  the  dashed  line  in  Fig. 
5(c),  is  due  to  the  electrons  in  the  second  low  subband,  £,. 
To  add  an  understanding  of  the  periodic  property  of  the  SdH 
oscillation,  we  replot  the  d  2R  /dB 2  as  a  function  of  1/2?  in 
Fig.  5(d).  The  twu  oscillation  periods  in  Figs.  5tc>  or  5(d), 
A(  1/2?),  are  0.0442  T~ 1  and  0.37  T_ ',  respectively.  There¬ 
fore,  according  to  (15),  the  concentration  of  the  2DEG  in 
the  lowest  subband  is  n(,  =  1.09 X  I012  cm" 2  and  the  con¬ 
centration  in  the  second  lowest  subband  is  n,  =  1.3x  10" 
cm*2.  The  total  concentration  of  the  2DEG  is  n,  s  n„  •+■  n , 
=  1.22X  1012  cm-2. 

For  the  measurement  of  a  HEMT,  we  need  to  know  the 
channel  concentration  as  a  function  of  gate  voltage.  Figure  6 
shows  the  output  current-voltage  characteristics  of  a 
HEMT,  sample  No.  Dl,  with  gate  length  100 ^m  and  width 
200 pm  at  temperature  4.2  K.  Figures  7(a)  and  7(b)  show 
the  dR  /dB  vs  B  at  different  gate  voltage  VG  —  0  and  0.2  V, 
respectively.  It  is  shown  that  with  different  gate  voltages  we 
observe  the  different  oscillation  periods  corresponding  to  the 
channel  concentration.  We  can  see  a  second  oscillation  peri¬ 
od  corresponding  to  the  concentration  belonging  to  the  sec- 


FIG.  3.  Shubnikov-de  Haas  oscillation  for  an  AIGaAs-GaAs  modulation-doped  heterostructure  ( 1  T  =  10  kG  )  (a)  Resistance  vs  magnetic  field.  <b)  First 
denvativeof  resistance  with  respect  to  magnetic  field,  (c)  Second  derivative  of  resistance  with  respect  to  magnetic  field,  (d)  Second  derivative  of  resistance 
with  respect  to  \/B 
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FIG.  6.  Output  current-voltage  characteristics  of  a  long  channel  HEMT  at 
temperature  4.2  K. 

ond  lowest  subband  at  gate  voltage  Vc  =  0.2  V.  However, 
for  the  low  gate  voltage  VG  =  0,  the  second  oscillation  peri¬ 
od  is  not  observed.  To  observe  a  second  oscillation  period 
corresponding  to  the  concentration  of  the  second  lowest  sub¬ 
band  requires  a  reasonably  high  electron  concentration.  Fig¬ 
ure  8  shows  the  concentration  of  the  2DEG  as  a  function  of 
gate  voltage,  which  is  obtained  from  Shubnikov-de  Haas 


<ai 


VG(V) 

FIG.  8.  Concentration  of  the  two-dimensional  electron  gas  as  a  function  of 
gate  voltage. 


measurements.  n0  is  the  concentration  of  the  lowest  sub¬ 
band,  n ,  is  the  concentration  of  the  second  low  subband,  and 
rts  =  no  +  n  t  is  the  total  channel  electron  concentration.  For 
the  gate  voltage  Kc>0.1  V,  the  second  oscillation  period 
corresponding  to  n,  is  observed.  For  the  gate  voltage 
Vc  <0.\  V,  the  second  oscillation  period  is  not  observable  in 
the  measurements. 

However,  we  cannot  arbitrarily  say  that  n,  is  0  for  gate 
voltage  Vc  <  0. 1  V.  Figure  8  shows  the  uncertainty  errors  at 
the  gate  voltage  Vc  —  Oand  —  0.1  V  due  to  unobservable  n,. 
Because  of  the  uncertainty  in  the  range  between  voltage 
Vc  =  —  0.1  V  and  Vc  =  0.1  V,  the  n,~Vc  curve  is  marked 
by  a  dashed  line  in  this  region. 

It  is  obvious  that  the  n,-vc  curve  has  a  turning  point  at 
Vc  =0.1  V.  This  is  due  to  the  incompletely  depleted 
AIGaAs  layer, 16-25  and  hence  reduces  the  charge  control  abi¬ 
lity  of  this  gate  voltage.  Figure  9  shows  the  n,-VG  character¬ 
istics  of  a  long-channel  HEMT  with  L/Z  =  2,  sample  No. 
D2.  It  also  shows  that  there  is  a  sharp  turning  point  at 


30 

<bi 


B  (KG) 


60 


FIG.  7.  Shubnikov-de  Haas  measurements  fora  HEMT  with  different  gate 
biases,  (a )  Gate  voltage  0  V.  (b)  Gate  voltage  0.2  V. 


FIG.  9.  Concentration  vs 
gale  voltage  for  a  HEMT. 
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Vc  =0.1  V.  However,  in  this  device  the  second  oscillation 
period  due  to  the  second  lowest  subband  are  not  observed. 
Observing  the  second  oscillation  period  requires  high  chan¬ 
nel  concentration,  as  shown  in  Figs.  5  and  8.  From  the  data 
in  Fig.  8,  n0>  8.5  X  10"  cm-2  is  required  to  observe  the  sec¬ 
ond  oscillation  period. 

As  shown  in  Fig.  8,  n0  vs  VG  is  not  linear.  Besides,  as 
mentioned  in  Sec.  II,  the  charge-control  law  { ( 1 )  or  ( 1 8 )  ]  is 
derived  with  approximate  assumptions.  Therefore,  it  will 
cause  a  serious  error  if  we  use  (19)  to  calculate  the  gate-to- 
channel  capacitance  C. 

Comparing  Fig.  8  to  Fig.  6,  it  is  interesting  to  note  that 
even  near  the  cutoff  region  there  is  still  an  appreciable  con¬ 
centration,  which  is  contrary  to  the  prediction  of  the  charge- 
control  law  [  ( 1 )  or  ( 18)  ].  Therefore,  the  small  current  in 
the  cutofT  region  is  not  completely  due  to  the  decrease  of 
channel  concentration  only.  It  may  be  also  due  to  the  rapid 
decrease  of  the  electron  mobility  as  the  gate  voltage  de¬ 
creases,  as  will  be  discussed  in  the  following. 

Figure  10  shows  a  plot  of  normalized  magnetoresistance 
r  vs  B 2  for  a  HEMT,  sample  No.  DI,  with  different  gate 
voltages.  It  can  be  seen  that  r  vs  B 2  is  linear.  The  deduced 
GMR  mobility  fiG  as  a  function  of  gate  voltage  is  shown  in 
Fig.  1 1 .  The  current-voltage  characteristics  and  the  gate  vol¬ 
tage  dependence  of  the  concentration  of  the  two-dimension¬ 
al  electron  gas  of  this  device  have  been  shown  in  Figs.  6  and 
8,  respectively. 

As  shown  in  Fig.  1 1 ,  we  can  see  that  the  mobility  is  not  a 
constant  as  the  gate  voltage  changes.  The  mobility  has  a  low 
value  near  the  cutoff  region,  and  increases  as  the  gate  voltage 
increases.  This  may  be  due  to  the  following  reasons.  At  low 
gate  voltage,  which  gives  a  low  2DEG  concentration  in  the 
channel,  the  interface  field  is  smaller,  and  hence  the  confine¬ 
ment  of  electrons  in  the  potential  well  is  not  very  strong. 
Also,  at  low  temperature  the  scattering  of  electrons  due  to 
remote  ionized  donors  in  the  AlGaAs  layer,  through  the 
Coulomb  force,  is  the  dominant  mechanism.26  The  screening 
effect  for  this  Coulomb  force  is  weak  for  the  low  2DEG  con¬ 
centration.  Hence,  the  electron  mobility  has  a  lower  value  at 
low  gate  voltage. 

The  ionized-impurity  scattering  and  lattice  scattering 
are  the  two  major  mechanisms  affecting  the  carrier  trans¬ 
port.  Hh/Hd  —  315ir/512  if  the  impurity  scattering  is  the 
dominant  effect,  and  nH/fiD  —  3ir/8  if  the  lattice  scattering 


FIG  10  Normalized  magnetoresistance  r  vs  B  fora  HEMT  with  different 
gate  voltages 


FIG.  11.  The  GMR  mobility  and  the  ratio  of  the  drift  mobility  to  GMR 
mobility  vs  the  date  voltage. 

is  dominant.  Therefore,  according  to  (21  ),nD/fiG  is 0.41  for 
the  impurity  scattering  and  0.75  for  the  lattice  scattering.  To 
verify  the  scattering  mechanisms.  Fig.  1 1  also  shows  the  ra¬ 
tio  of  the  drift  mobility  to  the  GMR  mobility,  iiD/y.G,  as  a 
function  of  gate  voltage  Vc.  For  the  gate  voltage,  Vc  <0.1  V, 
with  the  low  concentration,  nG/nD  =0.41.  This  is  the  same 
value  as  that  predicted  by  the  impurity  scattering.  Therefore, 
the  impurity  scattering  is  the  dominant  mechanism  for  the 
low  2DEG  concentration.  As  the  gate  voltage  increases  to 
0.2  V,  the  ratio  of  fiD  to  nG  increases  sharply  up  to  0.61, 
which  is  between  the  theoretical  values  predicted  by  the  im¬ 
purity  scattering,  0.41,  and  by  the  lattice  scattering,  0.75. 
The  scattering  of  electrons  due  to  impurity  ions  becomes 
weak  for  the  gate  voltage  VG  >  0.2  V.  As  shown  in  Fig.  8,  the 
AlGaAs  layer  is  not  completely  depleted  for  VG  >  0. 1  V.  The 
weakening  impurity  scattering  may  be  due  to  the  strong 
screening  effect  by  the  incompletely  depleted  AlGaAs  layer 
and  high  2DEG  concentration.  It  is  important  to  note  that 
although  the  charge-control  ability  of  the  gate  voltage  is 
weakened  by  the  incompletely  depleted  AlGaAs  layer  for 
VG  >  0. 1  V,  the  maximum  transconductance  occurs  around 
VG  =  0.2  V  due  to  the  increasing  mobility  with  the  increas¬ 
ing  gate  voltage. 

As  mentioned  in  the  above,  from  Shubnikov-de  Haas 
measurement,  near  the  cutoff  region  we  still  see  an  apprecia¬ 
ble  2DEG  concentration.  From  Figs.  6,  8,  and  1 1,  we  could 
conclude  that  near  the  cutoff  region  the  decrease  of  the  con¬ 
ductivity  is  due  to  both  the  decrease  of  the  channel  concen¬ 
tration  and  the  rapid  decrease  of  the  electron  mobility. 

V.  CONCLUSION 

For  the  characterization  of  high  electron  mobility  tran¬ 
sistors,  the  Shubnikov-de  Haas  oscillation  and  geometrical 
magnetoresistance  are  used  to  determine  the  two  most  im¬ 
portant  parameters,  channel  concentration  and  mobility,  re¬ 
spectively.  To  deduce  useful  data  from  SdH  measurements, 
the  theory  of  the  Shubnikov-de  Haas  oscillation  for  two- 
dimensional  electrons  has  been  derived  and  discussed  in  de¬ 
tail.  The  experimental  data  shows  two  oscillation  periods 
corresponding  to  the  two  lowest  subbands.  The  experimen¬ 
tal  data  for  the  channel  concentration  as  a  function  of  the 


935 


J  Appl  Phys  .  Vol  66,  No  2.  15  July  1989 


Chang,  Fetlerman.  and  Viswanathan 


935 


gate  voltage  is  used  to  characterize  the  devices  and  to  check 
the  accuracy  of  the  charge-control  law. 

A  series  of  formulas  for  the  geometrical  magnetoresis¬ 
tance  is  provided  to  calculate  the  GMR  mobility  for  any 
aspect  ratio.  We  need  not  know  the  channel  concentration  to 
determine  the  mobility.  Hence  the  GMR  together  with  SdH 
measurements  provide  for  the  characterization  of  HEMTs 
and  insight  into  the  nature  of  the  devices  because  these  two 
measurements  do  not  depend  upon  each  other. 

The  experimental  data  show  that  the  mobility  is  a  func¬ 
tion  of  gate  voltage.  The  impurity  scattering  is  the  dominant 
mechanism  for  the  low  two-dimensional  electron  concentra¬ 
tion.  The  maximum  transconductance  occurs  at  a  compro¬ 
mise  between  the  charge  control  ability  of  the  gate  voltage 
and  the  channel  mobility.  Near  the  cutoff  region,  the  de¬ 
crease  of  the  conductivity  is  due  to  both  the  decrease  of  the 
channel  concentration  and  the  rapid  decrease  of  the  electron 
mobility. 
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W-band  six-port  network  analyzer  for  two-port  characterization  1 0 

of  millimeter  wave  transistors 

Kart  J.  Moeller,4  James  H.  Schaffner,b>  and  Harold  R.  Fetterman 
Department  of  Electrical  Engineering,  University  of  California,  Los  Angeles,  California  90024 
(Received  18  August  1988;  accepted  for  publication  7  November  1988) 

A  W-band  (75-100  GHz)  six-port  network  analyzer  was  constructed  from  discrete  WR- 10 
waveguide  components  for  the  two-port  5-parameter  characterization  of  state-of-the-art 
submicron  gate  length  high  electron  mobility  transistors.  The  six-port  was  capable  of  measuring 
the  phase  of  a  circuit’s  reflection  or  transmission  coefficient  to  within  a  6*  and  the  magnitude  to 
within  1.5%  for  large  reflections  and  to  within  10%  for  small  reflections  (return  loss  of  20  dB).  A 
comparison  between  the  six-port  and  a  down-converter-type  frequency  extender  for  a 
conventional  network  analyzer  revealed  the  superior  performance  of  the  six-port.  To  demonstrate 
the  applicability  of  the  six-port  network  analyzer  to  device  characterization,  the  5-parameters  of 
0.  l-/im  gate  length  HEMTs  were  measured  and  then  used  to  calculate  the  maximum  available 
gain  achievable  with  these  transistors  at  W-band  frequencies.  These  measurements  indicate  the 
important  role  the  six-port  network  analyzer  will  play  in  the  future  development  of  millimeter 
wave  transistors. 


INTRODUCTION 

Transistor  technology  has  reached  a  point  where  amplifiers 
and  oscillators,  utilizing  either  GaAs  FETs,1  or 
AljGa,  _  *  As  high  electron  mobility  transistors  (HEMTs)2 
have  been  fabricated  to  operate  at  W-band  frequencies  (75- 
110  GHz).  The  typical  design  procedure  for  these  circuits 
begins  with  the  determination  of  the  two-port  scattering  pa¬ 
rameters  of  the  transistor  (5  parameters)  at  microwave  fre¬ 
quencies  up  to  26  GHz.  The  measured  5  parameters  are  then 
used  in  a  microwave  circuit  analysis  program  (such  as 
Touchstone™  or  Supercompact™  )  to  generate  a  small- 
signal  lumped  element  model  of  the  transistor,  which  is  then 
extrapolated  up  to  the  millimeter  wave  frequency  where  the 
circuit  is  to  be  designed.  This  procedure  works  reasonably 
well  when  the  extrapolation  is  not  too  severe,  such  as  at  Ka 
band,3  but  at  higher  frequencies  actual  device  performance 
deviates  substantially  from  the  model.  A  better  approach  to 
precise  and  efficient  high  frequency  circuit  design  is  to  mea¬ 
sure  the  transistors’  5 parameters  directly  at  the  frequency  of 
intended  circuit  operation. 

In  the  past,  transistor  characterization  was  limited  at 
millimeter  wave  frequencies  due  to  the  absence  of  adequate 
impedance  measurement  techniques.  Recently,  some  prog¬ 
ress  has  been  made  in  the  development  of  millimeter  wave 
extenders  for  conventional  four-port  microwave  network 
analyzers;  however,  the  hardware  required  for  such  systems 
to  down-convert  the  test  and  reference  signals  to  low-fre¬ 
quency  magnitude  and  phase  detection  circuits  is  complex 
and  expensive.  The  millimeter  wave  six-port  junction 
network  analyzer  provides  a  method  of  obtaining  phasor  re¬ 
flection  and  transmission  information  from  power  measure¬ 
ments  alone.4  The  six-port  is  especially  attractive  since  it  can 
be  constructed  from  commercially  available  discrete  wave¬ 
guide  components  and  can  be  controlled  with  a  desk-top 
computer. 

This  paper  presents  a  new  use  for  the  W-band  six-port 


network  analyzer  for  the  direct  two-port  5-parameter  mea¬ 
surement  of  active  three  terminal  devices.  The  versatility  of 
this  six-port  was  extended  from  earlier  reported  millimeter 
wave  six-port  reflectometers5-7  to  include  transmission,  as 
well  as  reflection  measurement  capability  over  the  full  WR- 
10  waveguide  band  while  maintaining  the  system  perfor¬ 
mance  obtained  in  the  earlier  studies.  Also  presented  is  a 
direct  comparison  between  the  six-port  and  a  W-band  fre¬ 
quency  extender  for  a  conventional  microwave  network  ana¬ 
lyzer.  Finally,  the  application  of  the  six-port  to  characterize 
0. 1  -pm  gate  length  HEMTs  is  outlined  and  some  representa¬ 
tive  results  are  given. 

1.  THE  SIX-PORT  JUNCTION  FOR  REFLECTION  AND 
TRANSMISSION  MEASUREMENTS 

In  this  section,  the  theory  of  the  six-port  junction  is  re¬ 
viewed4  to  clarify  the  condition  for  the  measurement  of  both 
reflection  and  transmission  coefficients.  The  derivation  of 
the  six-port  equations  is  aided  by  Fig.  1  (a),  which  shows  an 
arbitrary  six-port  junction  where  power  detectors  P3,  P4,  P5, 
and  P6  are  attached  to  ports  3, 4,  5,  and  6  respectively.  The 
device  under  test  is  attached  to  port  2,  and  the  signal  source 
is  connected  to  port  1 .  The  only  constraint  imposed  upon  the 
junction  is  that  the  power  levels  detected  at  each  port  be 
linearly  independent  with  respect  to  an  arbitrary  load  at  port 

2.  Then  the  waves  leaving  each  port,  bt,  can  be  related  to  the 
waves  incident  to  each  port,  a, ,  by  a  6  X  6  5-parameter  ma¬ 
trix  such  that 

*  I  Vj,  '  =  1 . 6.  (1) 

j- i 

In  addition,  the  waves  at  each  port  with  an  attached  power 
detector  are  related  by 

b,  =  r4(a„  i  =  3, 4, 5, 6,  (2) 

where  T d,  is  the  reflection  coefficient  of  the  power  detector 
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Fig.  1(a)  An  arbitrary  linear  six-port  junction  for  measuring  reflection 
coefficients.  Power  detectors  are  labeled  P,-P„  and  the  device  to  be  tested  is 
placed  at  port  2.  (b)  An  arbitrary  linear  six-port  junction  for  measuring 
transmission  coefficients.  Port  2  has  been  split  into  two  subports,  but  in 
practical  situations  b  j  is  small  and  a2  does  not  re-enter  the  six-port  so  that 
the  device  transmission  coefficient  can  be  determined  using  the  six-port 
equations. 


at  port  i,  which  is  assumed  to  be  known.  Therefore,  a  system 
of  ten  equations  can  be  written  for  12  variables  (the  a,  and 
b,),  so  that,  if  a2  and  b2  are  chosen  as  the  independent  vari¬ 
ables  for  this  system,  then  each  of  the  ten  remaining  variables 
can  be  written  as  linear  functions  of  a2  and  b2.  The  power  P, 
flowing  into  a  detector  at  port  i  is  directly  proportional  to 
|b,  |2  which  may  be  written  as 

/>,  =  |  A,a2  +  B,b2 12,  i  =  3,4, 5,6,  (3) 

where  A,  and  B,  are  functions  of  the  36  S  parameters  and  the 
four-power  detector  reflection  coefficients. 

A  simplification  of  the  six-port  theory  results  by  setting 
^3  =  0,  a  restriction  that  is  nearly  met  by  many  six-port 
network  analyzers,  but  is  not  necessary  for  six-port  oper¬ 
ation.  Then  Eq.  (3)  can  be  written  as4 

|Ft  -C,|2=  (|B,|2 />,)/(  |£3|2/>3),  /  =  4,5,6,  (4) 

where  C,  =  —  A,/Bt ,  and  T L  =  —  a2/b2  is  the  device’s  re¬ 
flection  coefficient.  These  equations  represent  three  circles 
in  the  complex  T  L  plane.  The  centers  of  each  circle  are  given 
by  C,  and  the  radius  by 

( 14 IV*  >/(!*, IV/S). 

Since  the  load  is  tangible,  the  loci  of  points  satisfying  these 
equations  must  intersect  at  the  unique  solution  . 

The  above  equations  are  valid  only  for  the  determina¬ 
tion  of  reflection  coefficients.  However,  an  extension  of  this 
theory  allows  for  the  determination  of  transmission  coeffi¬ 
cients.  Figure  1(b)  shows  the  general  six-port  configuration 
for  transmission  measurements,  where  now  port  2  has  been 
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split  into  two  subports.  The  waves  at  the  test  ports  can  be 
related  through  the  device  transmission  and  reflection  coef¬ 
ficients  so  that,  referring  to  Fig.  1(b),  one  finds  that 

o'2  —  T fb2  H-  r g  b  j  , 

where  7>  is  the  forward  transmission  coefficient  of  the  de¬ 
vice  with  a  matched  load  on  the  primed  port  [b'2  =0)  and 
T,  is  the  reverse  reflection  coefficient  with  b2  —  0.  The  total 
forward  transmission  coefficient  can  be  written  as 

Tl  =  a'2/b2  =  7>  +  T  e(b'2/b2).  (5) 

For  the  six-port  equations  to  be  applicable  to  transmission 
measurements  the  condition 

|7>|>!ra|(|h;|/|62|)  (6) 

must  be  met,  therefore,  the  network  analyzer  should  be  de¬ 
signed  to  make  b  2  small.  The  above  analysis  also  assumes 
that  the  wave  a2  reflected  from  the  device  does  not  re-enter 
the  six-port.  When  condition  (6)  is  satisfied,  then  a2  may  be 
substituted  for  a2  in  Eq.  (3),  and  the  six-port  transmission 
equations  are  identical  to  Eq.  (4)  except  that  they  are  now  in 
terms  of  TL  instead  of  TL . 

In  practice,  the  36  S  parameters  of  Eq.  ( 1 )  are  un¬ 
known.  Therefore,  the  electrical  characteristics  of  the  six- 
port  junction  and  power  detectors,  as  seen  from  the  device 
test  port  are  determined  through  the  process  of  calibration, 
whereby  a  number  of  standard  loads  are  measured  to  find  the 
system  constants.8,9  The  calibration  procedure  that  was  used 
for  the  W-band  six-port  was  developed  by  Li  and  Bosisio10 
and  required  four  ideal  short  and  offset  short  circuits  plus  a 
matched  load  for  reflection  calibration,  and  four  ideal  phase 
delays  and  an  infinite  attenuation  for  the  transmission  cali¬ 
bration. 

II.  THE  W-BAND  SIX-PORT  NETWORK  ANALYZER 

The  above  theory  provided  the  foundation  for  the  devel¬ 
opment  of  the  W-band  six-port  network  analyzer.  This  sec¬ 
tion  describes  the  construction  of  the  six-port  from  discrete 
waveguide  components  and  the  control  with  a  microcom¬ 
puter.  In  addition,  sample  measurement  results  of  precision 
standards  which  were  used  for  the  system  evaluated  are  pre¬ 
sented. 

Schematic  drawings  of  the  W-band  six-port  network 
analyzer  in  the  reflection  and  transmission  measurement 
modes  are  shown  in  Figs.  2(a)  and  2  ( b) .  As  can  be  seen  from 
the  figures,  the  core  of  the  six-port  consisted  of  a  sum  and 
difference  network  comprised  of  3-dB  bidirectional  couplers 
and  a  1:2:1  power  divider.  W-band  thermistors  (Hughes 
Aircraft  Co.  model  No.  45776H),  labeled  P3,  P4,  P3,  and  P6 
in  the  figure,  were  used  as  power  detectors;  each  thermistor 
had  a  linear  range  from  —  20  to  10  dBm.  The  input  power 
was  split  into  a  test  and  reference  channel  by  a  6-dB  bidirec¬ 
tional  coupler.  The  system  was  powered  by  a  backward  wave 
oscillator  (Micro-Now  model  No.  728)  that  provided  10  to 
20  mW  of  power  from  75  to  1 10  GHz,  and  was  frequency 
locked  by  a  frequency  counter  (EIP  model  No.  578).  The 
power  detected  by  each  thermistor  was  read  by  an  analog 
power  meter  (Hewlett-Packard  model  No.  432A).  Each 
meter’s  output  was  directed  to  a  digital  voltmeter  (Hewlett- 

Millimatar  wav*  translator* 


434 


FlC.  2.(»)  Schematic  of  the  W-band  six-port  network  analyzer  configured 
for  reflection  measurements.  The  phase  shifter  and  switch  in  the  test  chan¬ 
nel,  which  are  used  in  the  transmission  configuration,  are  calibrated  out  as 
part  of  the  system,  (b)  Schematic  of  the  W-band  six-port  network  analyzer 
configured  for  transmission  measurements.  The  phase  shifter  and  switch 
are  used  as  part  of  the  transmission  calibration. 


Packard  model  No.  3488A).  Both  scanner  and  voltmeter 
were  controlled  by  a  microcomputer  (Hewlett-Packard 
model  No.  236). 

A  drawing  of  the  system  is  shown  in  Fig.  3  where  the  six- 
port  was  in  the  reflection  coefficient  measurement  configu¬ 
ration.  The  relative  powers  detected  at  ports  3-6  were  taken 
directly  from  the  voltmeter  into  the  computer,  where  the 
calibration  equations  were  programmed.  The  reflection  cali- 


Fig.  3.  The  six-port  network  analyzer  system,  configured  for  reflection 
measurements,  with  a  microcomputer  used  for  instrument  control  and  data 
reduction. 

bration  standards  consisted  of  a  tunable  sliding  short  circuit 
( Hughes  Aircraft  Co.  model  No.  43676H )  which  was  timed 
for  relative  phase  delays  of  0*,  90*.  180°,  and  270°  at  each 
discrete  frequency.  The  transmission  calibration  was  per¬ 
formed  with  a  direct  reading  precision  phase  shifter 
(Hughes  Aircraft  Co.  model  No.  45756H )  to  provide  trans¬ 
mission  phase  lags  of  0°,  90°,  180°,  and  270°  at  each  frequen¬ 
cy.  The  determination  of  the  correct  roots  of  the  calibration 
equations  were  accomplished  with  a  waveguide  matched 
load  for  the  reflection  calibration  and  with  a  total  transmis¬ 
sion  absorber  (a  switch  into  a  waveguide  matched  load)  for 
transmission  calibration. 

The  accuracy  of  the  six-port  network  analyzer  was  de¬ 
termined  by  measuring  the  reflection  and  transmission  coef¬ 
ficients  of  precision  loads.  Figures  4  and  S  show  an  example 
of  the  measured  reflection  coefficient  of  the  tunable  short 
circuit  at  90  GHz  when  the  electrical  delay  was  varied  from 
0°  to  360*.  The  magnitude  variation  from  unity  is  seen  to  be 
less  than  0.013  and  the  measured  absolute  phase  error, 
which  is  the  difference  between  the  calculated  and  measured 
reflection  coefficient’s  phase,  is  seen  to  be  less  than  5*.  Obser¬ 
vations  at  other  frequencies  revealed  that  these  errors  were 
consistent  over  most  of  the  band,  although  near  1 10  GHz  the 
maximum  phase  error  approached  6°.  The  accuracy  of  the 
six-port  in  the  transmission  measurement  mode  was  deter¬ 
mined  with  the  precision  phase  shifter  (which  had  a  speci- 


ELECTR ICAL  DELAY  OF  SHORTING  PLANE  (DEGREES! 

Fig.  4.  Magnitude  of  the  reflection  coefficient  of  *  tunalle  short  circuit  mea¬ 
sured  by  the  six-port  network  analyzer  as  the  shorting  plane  is  varied  over 
360  electrical  degrees. 
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ELECTRICAL  DELAY  OF  SHORTING  PLANE  (OEGREES) 

Fig.  5.  Absolute  phase  error  of  the  reflection  coefficient  of  a  tunable  short 
circuit  as  the  shorting  plane  is  varied  over  360*.  The  absolute  phase  error  is 
the  difference  between  the  calculated  reflection  phase  and  the  reflection 
phase  measured  by  the  six-port. 

fied  accuracy  of  ±  1°).  Over  the  entire  band,  it  was  found 
that  the  transmission  coefficient  of  the  phase  shifter  varied  in 
magnitude  by  less  than  0.035  from  unity  and  the  absolute 
phase  error  was  less  than  4°  as  the  phase  lag  was  varied  over 
360°. 

In  order  to  check  the  system  response  for  large  return  or 
insertion  losses,  a  variable  attenuator  was  placed  in  the  test 
port.  Figure  6  shows  an  example  of  an  insertion  loss  mea¬ 
surement  at  94  GHz  where  the  measured  attenuation  is  plot¬ 
ted  against  the  attenuator  setting.  It  can  be  seen  that  the 
measured  insertion  loss  is  12%  less  than  the  attenuator  set¬ 
ting  at  20  dB  ( 2%  of  this  can  be  attributed  to  the  accuracy  of 
the  attenuator). 

As  a  comparison  of  different  measurement  technolo¬ 
gies,  the  measurements  of  the  tunable  short  circuit  were  re¬ 
peated  using  a  down-converter-type  frequency  extender 
(Honeywell  model  No.  CAW-8S)  used  with  a  microwave 
network  analyzer  (Hewlett-Packard  model  No.  8410B). 


Fig  6.  Insertion  loss  of  a  variable  attenuator  measured  by  the  six-port  as  the 
attenuator  setting  was  varied  The  solid  curve  was  the  measured  magnitude 
(in  dB)  of  the  transmission  coefficient,  and  the  dashed  curve  is  the  trans¬ 
mission  coefficient  that  would  be  obtained  from  an  ideal  measurement  sys¬ 
tem 
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The  network  analyzer  frequency  extender  consisted  of  milli¬ 
meter  wave  waveguide  reference  and  test  signal  inputs,  a 
free-running  89  GHz  Gunn  diode  local  oscillator,  and 
matched  mixers  on  both  the  reference  and  test  arms.  The 
mixer  outputs  are  connected  to  the  reference  and  test  signal 
inputs  of  the  microwave  network  analyzer.  Figure  7  shows 
the  frequency  extender  configured  to  measure  reflection  co¬ 
efficients.  The  frequency  extender/network  analyzer  combi¬ 
nation  was  calibrated  by  setting  the  sliding  short  circuit  to 
the  same  offset  used  as  0°  for  the  six-port  and  then  adjusting 
the  network  analyzer  to  read  0°  and  0  dB. 

Using  the  frequency  extender,  the  measured  magni¬ 
tudes  of  the  tunable  short  circuit  were  1.00  ±0.18, 
1 .00  ±  0.05,  and  1 .00  ±  0.09  at  75, 90,  and  100  GHz,  respec¬ 
tively,  indicating  that  the  measurement  performance  de¬ 
graded  as  the  source  frequency  moved  away  from  the  89 
GHz  LO  frequency.  The  worst  case  difference  between  mea¬ 
sured  and  calculated  phase  was  found  to  be  on  the  order  of 
10°.  For  large  return  loss  measurements,  a  waveguide  termi¬ 
nation  with  a  specified  reflection  coefficient  magnitude  of 
0.029  was  measured  by  the  frequency  extender  as  having  a 
magnitude  ofO.  14;  the  six-port  measured  this  termination  as 
having  a  magnitude  of 0.033.  Thus,  from  these  W-band  mea¬ 
surements,  it  may  be  concluded  that  the  six-port  network 
analyzer  is  more  accurate  than  the  frequency  extender. 

III.  W-BAND  CHARACTERIZATION  OF  SUBMICRON 
GATE  LENGTH  HEMTs 

As  an  example  of  the  application  of  the  six-port  to  W- 
band  transistor  measurements,  the  characterization  of  sub- 
micron  HEMTs  is  presented.  The  determination  of  the  com¬ 
plete  set  of  two-port  device  S  parameters  from  a  single 
six-port  required  that,  in  addition  to  reconfiguring  the  sys¬ 
tem  between  reflection  and  transmission  measurements,  the 
transistor  test  fixture  had  to  be  physically  rotated  180° 
between  forward  and  reverse  parameter  measurements. 


PHASE  LOCK  IN 


Fig.  7.  W-band  frequency  extender/network  analyzer  combination  config¬ 
ured  for  reflection  measurements  A  tunable  short  circuit  was  used  to  com¬ 
pare  the  performance  of  the  six-port  network  analyzer  to  this  system. 

Millimeter  wave  translators 


436 


Fig.  8.  Attachment  of  the  HEMT  to  the  50-fl  microstrip  transmission  line 
test  fixture.  A  five-section  ridged  waveguide  transformer  coupled  the  mi- 
crostrip  line  to  the  waveguide  of  the  six-port.  Printed  circuit  bias  tees  pro¬ 
vided  a  reliable  method  of  dc  biasing  the  transistor. 

Also,  the  transistor’s  S  parameters  had  to  be  de-embedded 
from  the  test  fixture. 

A  test  fixture,  shown  in  Fig.  8,  consisted  of  a  transistor 
connected  from  the  gate  and  drain  pads  to  50-fl  microstrip 
lines  that  were  fabricated  on  0.005-in.  fused  silica  substrates, 
and  the  source  was  grounded  to  the  test  fixture.  Gold  bond 
ribbons  were  used  for  the  electrical  interconnections  in  order 
to  reduce  the  parasitic  inductance.  Printed  circuit  bias  tees 
were  fabricated  as  part  of  the  microstrip  line  to  provide  bias 
current  to  the  device  and  dc  isolation  from  the  test  fixture. 
The  dc  block  was  made  from  quarter-wavelength  coupled 
lines,1 1  and  the  bias  current  was  fed  through  low-pass  radial 
stub  filters12  that  provided  a  broadband  open  circuit  to  the 
W-band  signals.  In  order  to  couple  the  waveguide  of  the  six- 
port  to  50-fl  microstrip  line,  five-section  Chebyshev  ridged 
waveguide  transformers  were  incorporated  into  the  test  fix¬ 
ture.  The  efficiency  of  the  waveguide-to-microstrip  transi¬ 
tions  was  measured  with  a  test  fixture  that  was  comprised  of 
back-to-back  transformer/bias  tee  sections.  The  measured 


insertion  loss  of  this  fixture  ranged  from  1 .5  dB  at  75  GHz  to 

4  dB  at  95  GHz,  with  an  average  value  of  2.3  dB  from  75  to 
105  GHz.  The  return  loss  of  a  single  transformer/bias  tee 
section  was  found  to  vary  from  8  dB  at  95  GHz  to  1 5  dB  at 
105  GHz,  with  an  average  return  loss  of  1 1  dB  from  75  to  105 
GHz. 

Since  the  six-port  network  analyzer  was  calibrated  with 
waveguide  standards,  a  de-embedding  procedure  had  to  be 
employed  to  remove  the  transistor’s  S  parameters  from  the 
measured  S'  parameters  of  the  test  fixture.  This  was  accom¬ 
plished  by  considering  the  test  fixture  as  a  :ymmetric  cas¬ 
cade  of  two-port  networks  consisting  of  the  device  and  the 
two  transitions.  The  first  step  in  the  de-embedding  process 
was  to  find  the  two-port  S  parameters  of  the  waveguide-to- 
microstrip  transitions  up  to  the  ribbon  bonds  at  the  end  of 
the  microstrip  line.  This  was  done  with  a  special  de-embed¬ 
ding  fixture  made  of  back-to-back  transitions  with  a  through 
length  of  microstrip  line  that  duplicated  a  test  fixture  with¬ 
out  the  transistor.  Measurements  of  ( 1 )  the  reflection  coeffi¬ 
cient  of  a  single  transition  with  a  matched  microstrip  termi¬ 
nation,  (2)  the  reflection  coefficient  of  the  entire 
de-embedding  fixture  with  a  waveguide  termination,  and 
(3)  the  transmission  coefficient  of  the  de-embedding  fixture 
allowed  the  two-port  S  parameters  of  the  waveguide-to-mi- 
crostrip  transitions  to  be  determined. 13  The  next  step  was  to 
measure  the  forward  and  reverse  reflection  and  transmission 
coefficients  of  the  transistor  test  fixture  This  information, 
along  with  the  characterization  of  the  de-embedding  fixture 
and  the  assumption  of  a  symmetrical  test  fixture,  enabled  the 

5  parameters  to  be  de-embedded. 14 

A  number  of  HEMTs,  with  gate  lengths  ranging  from 
0.1  to  0.5  fim,  were  measured  on  the  six-port,  but  only  the 
0.1-^zm  gate  length  HEMTs  had  gain  at  W-band.15  The  S 
parameters  of  two  of  the  best  devices  measured  to  date  are 
presented  in  Table  I.  The  transistors  were  characterized 
from  75  to  105  GHz  in  5-GHz  increments.  It  is  apparent 
from  Table  I  that  the  S'  parameters  of  these  devices  showed  a 
complicated  frequency  dependence.  Repeated  measure¬ 
ments  of  the  transistor  and  de-embedding  test  fixtures  indi¬ 
cated  that  this  frequency  behavior  was  primarily  due  to  the 


Table  I.  5  parameters  of  two  0. 1  •// m  gate  length  HEMTs  from  75  to  105  GHz  in  5-GHz  increments.  The  de-embedded  5  parameters  include  the  bond 
ribbon  interconnections  between  the  device  and  the  microstrip  line.  Note  that  device  No.  1  had  gain  (52,  >  1 )  in  a  50-fl  system. 


Freq. 

(GHz) 

Device 

No. 

5 1 1 

MAG 

PHA 

MAG 

512 

PHA 

MAG 

521 

PHA 

522 

MAG 

PHA 

75 

1 

0.599 

14.4 

0.105 

-  37.6 

0.632 

-74.2 

0.357 

67.6 

2 

0.342 

51.6 

0.101 

-  56.9 

0.439 

-70.9 

0.403 

31.3 

80 

1 

0.413 

-22.2 

0.385 

-  53.9 

1.126 

-98.4 

0.695 

57.9 

2 

0.610 

50.3 

0.492 

-44.7 

0.886 

-92.5 

0.283 

-5.6 

85 

1 

0.635 

-  13.9 

0.327 

-48.3 

0.578 

-93.4 

0.533 

35.4 

2 

0.281 

21.0 

0.587 

-45.1 

0.657 

-63.6 

0.414 

-42.7 

90 

1 

0.378 

-44.4 

0.604 

-  98.7 

0.852 

-  122.2 

0.735 

20.2 

2 

0.522 

23.3 

0.678 

-95.7 

0.832 

-98.0 

0.263 

-  112.9 

95 

1 

0655 

-  36.9 

0.440 

-  86.3 

0.542 

-  88.4 

0.453 

-  104 

2 

0.401 

5.6 

0.749 

-  101.9 

0.906 

—  91.7 

0.328 

-  57.7 

100 

1 

0.281 

-33.3 

0.605 

-  124.0 

0.843 

-  117.3 

0.192 

04 

2 

0.324 

234 

0.591 

-  132.9 

0.820 

-  115.4 

0.089 

142.7 

105 

1 

0.219 

4.1 

0.608 

-  155.3 

0.915 

-  140.9 

0.233 

44.4 

2 

0.316 

56.2 

0.548 

-  138.5 

0.703 

-  125.2 

0.278 

90.0 
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distributed  nature  of  the  transistors  and  their  bond  ribbons 
as  they  became  a  significant  fraction  of  a  wavelength,  rather 
than  the  de-embedding  errors  caused  by  the  slight  asymme¬ 
try  in  the  test  fixture.  More  important  was  the  maximum 
available  gain  ( MAG )  of  these  devices  that  was  calculated 
from  the  measured  S  parameters.  It  was  found  that  device  1 
had  gain  peaks  of  5.5  dB  at  77  and  79  GHz,  and  peaks  of  1.5 
and  0.6  dB  at  90  and  105  GHz,  respectively.  Device  2  had 
MAG  peaks  at  80,  90,  and  95  GHz  of  2.3,  1.8,  and  1.6  dB, 
respectively. 

The  successful  characterization  of  the  HEMTs  at  W- 
band  implies  that  active  circuits  with  operational  frequen¬ 
cies  near  100  GHz  can  now  be  designed  and  fabricated.  It  is 
true  that  a  paper  design  of  a  W-band  oscillator  or  amplifier 
can  be  completed  with  the  5  parameters  of  Table  I,  however, 
the  fabrication  technology  for  0.1  -/zm  HEMTs  is  still  in  the 
experimental  stage  and  widespread  performance  variations 
exist  amc.ig  transistors,  even  if  they  are  from  the  same  wafer. 
At  this  point,  many  more  devices  need  to  be  characterized  to 
obtain  the  statistical  information  that  would  allow  a  practi¬ 
cal  design  of  a  W-band  HEMT  circuit. 

This  work  demonstrated  the  capability  of  the  six-port  to 
characterize  active  devices  at  W-band.  The  hardware  simpli¬ 
city,  and  thus  the  system  reliability,  of  the  six-port  junction 
makes  it  an  attractive  millimeter  wave  network  analyzer  al¬ 
ternative  to  the  conventional  network  analyzer.  For  exam¬ 
ple,  if  a  component  such  as  a  thermistor  fails,  then  replace¬ 
ment  of  the  bad  element  can  be  accomplished  quickly  and 
the  system  can  be  made  operational  without  the  need  for 
critical  tuning  adjustments,  as  would  be  necessary  with  a 
conventional  network  analyzer.  While  advances  can  be  ex¬ 
pected  in  millimeter  wave  frequency  extenders  that  would 
improve  their  performance,  these  systems  will  still  require 
the  measured  signals  to  be  downconverted  to  complex  and 


expensive  low-frequency  magnitude  and  phase  detection  cir¬ 
cuits. 
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Abstract  —  The  scattering  parameters  of  0. 1  Jim  high  electron  mobility  transistors  were  measured  from  75 
GHz  to  105  GHz  utilizing  a  specially  constructed  six-port  network  analyzer.  Testing  a  representative 
device  biased  to  have  a  DC  transconductance  of  413  mS/mm,  the  maximum  available  gain  was  found  to 
be  as  high  as  5 .5  dB  at  77  GHz  and  79  GHz,  1.5  dB  at  90  GHz,  and  0.6  dB  at  105  GHz.  Comparison  with 
a  similar  transistor  that  was  characterized  at  microwave  frequencies  and  extrapolated  up  to  W-Band  (75 
GHz  to  105  GHz)  shows  qualitative  agreement  with  the  millimeter  wave  measurements.  This  is  the  first 
reported  scattering  parameter  measurements  on  a  transistor  with  gain  at  these  frequencies. 


Recent  advances  in  heterojunction  material  growth  and  device  fabricaton  have  led  to  high  electron 
mobility  transistors  (HEMTs)  with  superior  high  frequency  performance  [1],  which  has  resulted  in  their 
increasing  use  in  millimeter  wave  active  circuits  [2],  [3J.  Typically,  the  design  of  these  circuits  is  pre¬ 
ceded  by  scattering  parameter  measurements  of  the  HEMT  at  microwave  frequencies,  from  which  a  small 
signal  model  is  derived.  The  model  is  then  extrapolated  to  the  desired  frequency  of  operation  for  circuit 
synthesis,  but  extensive  tuning  and  substitution  of  devices  is  usually  required  to  obtain  an  operating  cir¬ 
cuit.  A  more  systematic  approach  to  millimeter  wave  circuit  design  is  to  characterize  the  active  device  at 
the  expected  circuit  frequency  of  operation  by  collecting  two-port  scattering  parameters.  This  paper 
presents  the  first  reported  direct  W-band  (75-110  GHz)  characterization  of  a  three-terminal  active  device, 

t  This  work  wit  supported  in  put  by  the  Air  Force  Office  of  Scientific  Research. 
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in  this  case  a  0.1  p.m  HEMT  [4], 


The  HEMT  scattering  parameters  were  acquired  with  a  W-Band  six-port  network  analyzer  which 
was  constructed  using  discrete  commercially  available  waveguide  components  and  W-band  thermistors 
[5].  The  six-port  junction  allowed  the  complete  determination  of  the  device  reflection  or  transmission 
coefficient  by  power  measurements  at  four  ports  [6].  The  test  fixture  was  comprised  of  a  grounded  source 
HEMT  which  was  centered  between  two  50  ft  microstrip  lines,  and  two  five-section  Chebyshev  ridged 
waveguide  transformers  that  coupled  the  microstrip  line  to  the  six-port  [7]. 

The  transistor  was  DC  biased  through  input  and  output  printed  circuit  bias  tees  which  had  quarter- 
wavelength  coupled  lines  for  DC  blocks  and  radial  stub  low  pass  filters  for  the  bias  current  A  detailed 
drawing  of  the  bias  tee  and  the  HEMT  connected  by  ribbon  bonds  is  presented  in  Figure  1.  The  average 
insertion  loss  of  two  back-to-back  transistions  varied  from  1.46  dB  (75  GHz)  to  3.96  dB  (95  GHz)  with  an 
average  of  2.3  dB  from  75-105  GHz. 

The  transistor’s  scattering  parameters  were  determined  from  the  six-port  data  by  a  two-tier  de¬ 
embedding  process  [8],  that  assumed  a  symmetrical  test  fixture  [9],  First,  the  scattering  parameters  of  the 
test  fixture  up  to  the  transistor  were  determined  from  a  calibration  fixture  which  was  composed  of  back- 
to-back  transitions  with  a  through  length  of  microstrip  line  that  duplicated  a  test  fixture  without  the 
HEMT.  Next,  the  forward  and  reverse  reflection  and  transmission  coefficients  of  the  test  fixture  with  the 
HEMT  were  obtained.  Finally,  the  calibration  fixture  characterization  was  used  to  de-embed  the  scatter¬ 
ing  parameters  of  the  transistor,  including  bond  ribbons,  from  the  text  fixture  measurements. 

The  0.1  Jim  HEMT  was  initailly  characterized  from  75-105  GHz  in  increments  of  5  GHz,  and  its 
de-embedded  scattering  parameters,  which  include  the  bond  ribbons,  are  presented  in  Table  1.  The  bias 
condition  on  the  HEMT  was  2.0  volts  on  the  drain  and  0.2  volts  on  the  gate,  at  which  point  the  DC  tran¬ 
sconductance  reached  its  maximum  value  of  413  mS/mm  at  a  drain  current  of  8.82  mA.  The  input  power 
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was  held  below  ISO  pW  to  guarantee  small -signal  operation. 

For  a  higher  resolution  of  the  HEMT  behavior,  Figures  2  and  3  display  polar  plots  of  Sn  and  S21 
from  75-85  GHz  in  increments  of  1  GHz.  These  curves  reveal  that  the  maximum  magnitude  of  S21 
occurred  at  79  GHz  with  a  value  of  1.31,  and  also  that  the  scattering  parameters  contained  a  lot  of  fre¬ 
quency  dependent  fine  structure.  Repeated  measurements  of  the  test  and  calibration  fixtures,  which 
included  reassembly  of  the  transitions,  have  reproduced  these  resonances.  Thus,  the  observed  frequency 
dependence  appears  to  be  due  to  the  distributed  nature  of  the  transistor  when  the  millimeter  wavelengths 
approach  the  device  dimensions  and  the  high  frequency  parasitic  effects  of  the  bond  ribbons  and  fringing 
capacitances.  Further  research  is  being  conducted  to  separate  the  transistor  response  from  its  par  asides. 
For  qualitative  comparison,  the  2  -  26  GHz  scattering  parameters  of  a  0.1  4m  HEMT  with  the  same 
geometry  and  similar  DC  characteristics  are  added  to  Figures  2  and  3. 

The  maximum  available  gain  of  the  HEMT,  which  was  calculated  from  the  measured  scattering 
parameters,  is  plotted  in  Figure  4.  The  gain  reaches  peaks  at  5.5  dB  at  77  GHz  and  79  GHz,  1.5  dB  at  90 
GHz,  and  0.6  dB  at  105  GHz.  The  calculated  gain  shows  a  substantial  amount  of  ripple  due  to  parasitics 
and  resonances.  Also  shown  is  the  maximum  available  gain  that  was  extrapolated  from  a  microwave  cir¬ 
cuit  model  of  the  HEMT.  The  model  predicted  a  gain  of  3.9  dB  at  80  GHz  and  a  maximum  frequency  of 
oscillation  near  140  GHz.  Even  though  the  extrapolated  curve  contains  no  parasitic  resonances,  it  does 
support  die  observed  gain  at  W-band.  However,  more  devices  need  to  be  tested  before  any  general  asser¬ 
tions  can  be  made  between  the  measured  and  extrapolated  performance  of  the  HEMT. 

In  conclusion,  direct  experimental  characterization  of  a  0.1  Jim  gate  length  HEMT  at  W-band  has 
indicated  the  maximum  gain  that  the  device  was  capable  of  achieving  at  these  frequencies  in  its  parasitic 
environment.  The  results  were  qualitatively  consistent  with  the  extrapolated  microwave  transistor  model. 
Although  this  ability  to  obtain  W-band  scattering  parameters  is  certainly  required  by  die  millimeter  wave 
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active  circuit  designer,  the  millimeter  wave  device  data  can  also  used  to  determine  which  elements  of 
high  frequency  device  fabrication  are  most  critical.  This  first  measurement  of  transistor  W-band  scatter¬ 
ing  parameters  permits  the  extension  of  sophisticated  computer  aided  design  techniques  to  the  advanced 
development  of  millimeter  wave  devices  and  circuits. 
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Fig.  1. 


Attachment  of  the  HEMT  to  5 Oft  microstrip  line  and  printed  circuit  bias  tee. 


Fig.  2. 


Fig.  3. 


Fig.  4. 


Table  1. 


Si i  of  a  0.1  pm  gate  length  HEMT  measured  from  75  to  85  GHz  on  the  six- 
port,  and  from  2  to  26  GHz  on  an  automatic  network  analyzer  with  a  coplanar 
line  probe. 


S2i  of  a  0. 1  pm  gate  length  HEMT  measured  from  75  to  85  GHz  on  the  six- 
port,  and  from  2  to  26  GHz  on  an  automatic  network  analyzer  with  a  coplanar 
line  probe. 


Maximum  available  gain  of  the  0.1  pm  gate  length  HEMT  calculated  from 
measured  S-parameters. 


Scattering  Parameters  of  a  0.1  pm  HEMT  gate  length  HEMT  measured  with 
a  six-port  network  analyzer. 


TRANSMISSION  LINE 


MEASURED  EXTRAPOLATED 

PARAMETERS  S-PARAMETERS 


FREQUENCY  (GHz) 


Frequency 

s„ 
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S12 

S22 
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Mag 
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Mag 
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Mag 
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Mag 

Phase 

75.0 

0.599 

14.4 

0.632 

-742 

0.105 

-37.6 

0.357 

67.6 

80.0 

0.413 

-222 

1.126 

-98.4 

0.385 

-53.9 

0.695 

57.9 

85.0 

0.635 

-13.9 

0.578 

-93.4 

0.327 

-48.3 

0.533 

35.4 

90.0 

0.378 

-44.4 

0.852 

-1222 

0.604 

-98.7 

0.735 

202 

95.0 

0.655 

-36.9 

0.542 

•88.4 

0.440 

m 

*0 

00 

• 

0.453 

-10.4 

100.0 

0.281 

-33.3 

0.843 

-117.3 

0.605 

-124.0 

0.192 

0.4 

105.0 

0219 

4.1 

0.915 

-140.9 

0.608 

-155.3 

0233 

44.4 
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